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Abstract 
Organophosphate pesticides are of common interest due to increased envionmenal 
contamination. Such agents cause several undesired and un-solved problems in non-target 
species. The enzyme organophosphate hydrolase (OPH) producing bacterial strain 
Brevibacillus parabrevis SR2729 (B. parabrevis SR2729) was isolated from soil 
contaminated with chlorpyrifos. Brevibacillus parabrevis SR2729 was subjected to strain 
improvement by physical and chemical mutagenesis; where two strains B. parabrevis 
SR2729-A and B. parabrevis SR2729-B were selected after classical screening through 
Triton-x-100 and 3,5,6-trichloro-2-pyridinol. The mutant derived strains Brevibacillus 
parabrevis SR2729-A and Brevibacillus parabrevis SR2729-B showed 229 and 240 % 
greater OPH production as compared to parental strain. The optimum levels of six variables 
(pH, temperature, incubation time, carbon source, nitrogen source and pesticide 
concentration) were obtained after statistical analysis by RSM. After process optimization, 
the activities of OPH from B. parabrevis SR2729-A and B. parabrevis SR2729-B were 195 
and 178 % greater than OPH from parental strain B. parabrevis SR2729. The specific activity 
for purified enzyme was observed to be 935, 1521 1911 U mg-1 from parental and mutant 
derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B, respectively. After 
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kinetic and thermodynamic analysis, the enzyme from mutant derived strains was observed 
to be more suitable for utilizing chlorpyrifos as substrate, with higher thermostability as 
compared to the enzyme from parental strain. The molecular weight of OPH enzymes from 
parental and mutant derived strains were 37 kDa. In soil, the OPH from mutant derived 
strains B. parabrevis SR2729-A and B. parabrevis SR2729-B showed 206 and 208 % greater 
degradation of chlorpyrifos as compared to parental strain. The enzyme from mutant derived 
strains B. parabrevis SR2729-A and B. parabrevis SR2729-B degraded 28 and 65 % greater 
insecticide in water compared to enzyme from parental strain. In conclusion, the strain 
improvement by physical and chemical mutagenesis resulted in the selection of potential 
mutant derived strains which were more significant agents for the degradation of chlorpyrifos 
in soil and water samples. 
 
 
AChapter # 1 
INTRODUCTION 
 
1.1. Chlorpyrifos 
O,O-diethyl O-3,5,6-trichloro-2-pyridul phosphorothioate is an organophosphorus 
insecticide with common name “Chlorpyrifos” and trade name “Lorsban”, “Dursban”. The 
molecular structure of chlorpyrifos is shown in Fig. 1.1 (Chen et al., 2012). Chlorpyrifos is 
white crystalline solid with a melting point of 42-43 °C. It is soluble in solvents like, ethanol, 
acetone, chloroform and ethyl acetate. It is a broad spectrum phosphorothioate 
organophosphate insecticide of economically important crops. The insecticide is effective 
against mosquitoes, flies, termites, veterinary and household pests. Ahmed and Farhan, 
(2006) reported the effect of chlorpyrifos EC40 on `the Microtermes obesi termites from 
different areas of Pakistan and was found effective against the termite.  
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Fig. 1.1. Molecular structure of chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2-pyridul 
phosphorothioate)  
 Sorce: PubChem OpenChemistry Database 
http://pubchem.ncbi.nlm.nhi.gov/compound/chlorpyrifos#section=Top 
Chlorpyrifos has been extensively used since its registration in 1965 (Gvozdenac et 
al., 2013). Stability and relatively greater effectiveness against a wide range of insect/pests 
are major factors that have made chlorpyrifos, the most utilized pesticide worldwide. The use 
of other potent organophosphate insecticides including paraoxon, parathion and methyl-
parathion has been prohibited in Pakistan. So, the utilization of chlorpyrifos as compared to 
other organophosphates rose. Chlorpyrifos has been formulated into over 400 registered 
products, which are frequently marketed for highly broad range of agricultural, industrial and 
residential pest control programs (USEPA, 2002). 
Organophosphates are widely used in agricultural insecticides as alternate for 
carbamates and organochlorines. After a ban on paraoxon, parathion and methyl-parathion, 
the demand and supply of chlorpyrifos increased significantly. Organophosphates were also 
banned for their indoor use but, still these are most prevalent insecticides in developing 
countries (Sunders et al., 2012). Due to high efficiency, chlorpyrifos, diazinon and malathion 
are most widely used organophosphates in agriculture and home settings (Gebremariam et 
al., 2012; Yang et al., 2005). Applications on plants and soil cause their leeching and 
contamination to surface and ground water, which ultimately disturbs biological system 
(Kulkarni et al., 2000). In addition to its least solubility in water, and high stability in air, 
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chlorpyrifos has been reported to be non-sensitive to ultraviolet radiation for its degradation 
(Islam et al., 2010). Because of high absorption coefficient for soil and a less solubility in 
water, the possibilities for the contamination of water and terrestrial ecosystems by 
chlorpyrifos are higher as reported by EPA (Environmental Protection Agency) (Latifi et al., 
2012).  
Chlorpyrifos has several lethal and sub-lethal effects on the non-target wildlife 
species and humans. As an environmental pollutant, its residues have spread all over the 
ecosystem. A diversity of insecticides and their harmful residues are present in a wide variety 
of aquatic habitats (Kolpin et al., 2002). The negative effects of these toxic chemicals remain 
to be completely studied on non-target biodiversity in several regions of world. The exposure 
effects of this insecticide are the result of inhibition of acetylcholine esterase, leading to an 
increase of acetylcholine, which ultimately cause twitching of involuntary muscles, 
convulsions, paralysis and ultimately death (George et al., 2014). The mechanism of 
chlorpyrifos mediated inhibition of acetyl choline esterase enzyme is shown in Fig. 1.2. 
Chlorpyrifos affects the nervous system by interfering with the function of neurotransmitters 
including nicotinic, muscarinic and brain neurotransmitters. Muscarinic nerver receptors are 
present in organs including heart muscles, smooth muscle organs, endocrine glands and 
blood vesicles. The affect of chlorpyrifos alters the function of these organs, resulting in 
symptoms such as abdominal cramps, nausea, wheezing, vomiting and visual disturbances. 
Chlorpyrifos oxon; the metabolite of chlorpyrifos, is 3000 times more potent against nervous 
systems. In human beings, chlorpyrifos can be activated by cytochrome P450 to be converted 
into chlorpyrifos oxon. Human population is facing the hazardous effects by the overuse of 
this insecticide and its uncontrolled contamination of chlorpyrifos in soil and water has 
gathered ample public attention (Xu, 2008). Chlorpyrifos has also been reported to effect the 
fetal growth and neurodevelopment as an outcome of prenatal exposure (Rauh, 2011).  
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Fig. 1.2. Mechanism of action of chlorpyrifos on the nerve junctions and inhibition of 
acetyl choline esterase enzyme  
(Source: George et al., 2014) 
 
Pakistan is an agricultural country, and with 24% gross domestic product, agriculture 
is the largest sector in Pakistan’s economy. Approximately 70% of Pakistan’s foreign 
exchange earnings are obtained by the sale of agricultural products (rice, fruits, vegetables, 
cotton e.t.c.). This increased food pressure has stimulated the greater use of insecticides, to 
meet the food production. So, major achievements in agricultural crop production have been 
achieved by the use of insecticides for successful pest control. Due to which seven folds 
increased use of insecticide has been reported from 1981-1992 in Pakistan. The figure 
increased from 915 to 6865 million tons for 80% of organophosphates. The use of 
chlorpyrifos is frequent in different areas of Pakistan. In Sindh (Nawabshah district), the 
highly contaminated soil with 0.486 mg kg-1 of chlorpyrifos was reported as widely detected 
30 
 
organophosphate (Anwar et al., 2009). Chlorpyrifos contaminations have been found upto 
about 24 km (kilometer) distance from the site of application. A few ppt (parts per trillion) of 
chlorpyrifos kills fishes; while it affects the beneficial arthropods like ladybugs, beetles and 
bees. In comparison to other organophosphorus insecticides, there have been no significant 
reports on the enhanced degradation of chlorpyrifos untill in 2003, Singh et al. isolated 6 
bacterial strains for the degradation of chlorpyrifos. Although, there have been reports on the 
microbial degradation of chlorpyrifos, the existing literature does not provide the information 
on the enzymatic aspects of the process. 
1.2. Organophosphate Hydrolase (OPH) 
The organophosphate compounds have enormously varied compositions and 
structures. Despite of these structural variations, the enzymes have been reported for the 
degradation of this wide variety of organophosphorus compounds. In case of bacterial 
enzymes, the ability of OPH to degrade the insencticides is thought to have been evolved to 
take the advantage of the organophosphorus compounds. The bacterial strains producing the 
OPH for the degradation of insecticides use these organophosphate compounds as sole source 
of energy (Bigley and Raushel, 2013; El-Helow et al., 2013). 
OPH is an enzyme with efficient capability to degrade organophosphate compounds 
(Cho et al., 2006). OPH enzyme was originally isolated from microbial strains like Bacillus 
sp., Pseudomonas sp., Flavobacterium, Aeromonas, and Streptomyces inhabiting the soils 
contaminated with organophosphates (Ajaz et al., 2005). OPH has attracted much attention 
for its effectiveness against several insecticides and chemical warfare agents such as “serin” 
and “soman”. A dramatic reduction in toxicity of these compounds is reported by the use of 
OPH (Cho et al., 2004).  
The enzyme is primarily composed of a binuclear metal center of unidefined 
structure, required for catalysis. The specific roles of the binuclear centers and amino acid 
residues involved in the catalysis are unknown. It has been also reported that the two metal 
ions are bridged through protein ligands to the binuclear metal cluster and to imidazole side 
chains of histidine residues (Benning et al., 1994). In previous studies, three enzymes for 
organophosphorus compounds degradation were reported, such as organophosphate 
hydrolase (OPH), phosphotriesterase (PTE) and organophosphate acid anhydroalse (OPAA).  
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The substrate specificity of organophosphate hyerolase (phosphotriesterase) is 
amazingly large. The enzyme is specific for triesters with a little diesterase activity. 
However, in addition to phosphate esters, it also readily hydrolyzes the phosphonate and 
phosphinate compounds. The enzyme efficiently hydrolyzes the substrates with electron 
withdrawing phenolic leaving groups. OPH enzyme also degrades the halide bonds and thiol 
linkages of organophosphorus compounds. This remarkable broad substrate range is thought 
to be due to the non-specificity of the substrate binding site of the enzyme (Bigley and 
Raushel, 2013). 
The enzyme has been reported for biodestuction of organophosphate compounds and 
employed for the selective detection of chlorpyrifos (Istamboulie et al., 2009). There has 
been considerable effort to design more environment friendly methods for organophosphorus 
compounds degradation. Furthermore, chlorpyrifos degradation agents such as solutions for 
incineration have toxic, corrosive and inflammable properties and are not suitable for large 
areas. So, there is a greater need for the biological means of bioremediation for the 
detoxification of organophosphorus compounds. The reaction of the OPH for chlorpyrifos 
degradation is shown in Fig. 1.3. 
A faster degradation of chlorpyrifos through microbial cells was reported by Rani et 
al. (2008) and Getzin (1981). The leaving group of chlorpyrifos hydrolysis is hydroxylated 
hetrocycle, which is similar to diazinon, etrimfos and isazofos. Chlorpyrifos hydrolysis 
results in the accumulation of 3,5,6-trichloro-2-pyridinol (TCP) after the breakdown of 
phosphoester bond as shown in Fig. 1.3. The product TCP has been suggested as the 
antimicrobial entity in the soils or liquids hence prevents the proliferation of microbes 
involved in chlorpyrifos degradation. In addition, it is classified as relatively more persistent 
and mobile by environmental protection agency (US), with a half life of 65-360 days in soil 
(Maya et al., 2012). The major contributor of its toxicity is the higher solubility in the liquids 
as compared to chlorpyrifos, which enables its spread more efficient. Therefore, it is essential 
to consider its degradation as important as the degradation of chlorpyrifos (Chen et al., 
2012). Xu et al. (2008) reported the complete biodegradation of chlorpyrifos, TCP, 
parathion, methyl parathion, and carbonfuran by Paracoccus sp. strain TRP, with the release 
of CO2.  
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Fig. 1.3. Enzymatic degradation of chlorpyrifos into 3,5,6-trichloro-2-pyridonol and 
diethylthiophosphate 
Chlorpyrifos has significant ability to bind colloidal clay minerals and this factor 
constitutes as an additional migration route from application sites to aquatic and subsurface 
area (Gebremariam et al., 2012).  The reports on the biological degradation, lack the 
information on the enhanced production of the OPH enzyme, which is the key agent behind 
the degradation of chloroyrifos. Strain improvement through chemical and physical 
mutagenesis is the most economical and suitable means for the enhanced production of the 
bioproducts. 
  
1.3. Strain Improvement 
Strain improvement through mutagenesis and selection has been employed for the 
enhanced production of various industrial and medically important ezymes. The technique 
still is a good symbol for the probability of success for enhanced production of enzymes. 
Hunderd times greater yields of the biologically important metabolites can be obtained by the 
strain improvement technique. The conventional methods for the strain development are time 
consuming and laborious in terms of selection of potential mutant derived strains. However, 
the classical screening for the selection of mutant derived strains by providing the special 
cultural conditions, which are toxic to cells with non-desirable traits while non-toxic to cells 
with desired traits, have been a success for potential mutant derived strains. Another 
advantage of classical screening is its simplicity and it does not require extensive 
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understanding of molecular biology or physiological properties of the microbe (Gromada and 
Fiedurek, 1997). 
Chemical and physical mutagenesis has been a remarkable technique for the 
enhanced production of proteins and other valuable products by microbes. Siddiqui et al. 
(2014) used both physical and chemical mutagenesis methods for the srain improvement of 
Streptomyces avermitilis. Most widely used chemical mutagens are ethidium bromide, ethyl 
methanesulfonate, MNNG, sodium azide, etc. Ethidium bromide binds to DNA and it slips 
between base pairs. Banerjee et al. (2014) reported that such intercalation is not specific for 
the base pairs in DNA. The molecular structure of ethidium bromide is shown in Figure 1.4.  
Ultraviolet irradiation has been reported to cause severe damage to DNA strands, by 
the formation of thymine dimers (Fig 1.5). Such dimers cause strands collapsing, thus 
resulting in abnormal DNA replication, which in turn cause deletion, point mutations and 
chromosomal re-arrangements. Several studies have reported the growth inhibition of soil 
bacteria by UV irradiation. Mutagenesis has also been reported for the enhanced production 
of enzymes like glucose oxidase, cellulase, lipase (Rasul et al., 2011; Bapiraju et al., 2004).  
 
 
Fig. 1.4. Structure of ethidium bromide (EthBr.) 
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Fig. 1.5. Formation of thymin dimers between DNA bases after ultraviolet irradiation 
 
1.4. Process Optimization 
Traditional method for process optimization involves the experimentation of “one 
factor at a time”. The approach fails to discriminate the combined affects of all the variables 
to give rise to optimized yield. In such procedures, the effects of interactions among the 
factors are also not taken into account (Zhang et al., 2010). In addition to these 
disadvantages, the classical approach is time consuming, laborious and requires large number 
of experiment to find out the optimum levels, which is highly unreliable. Such limitations of 
the classical approach can be eradicated by the statistical technique “response surface 
methodology” (RSM) (Ravikumar et al., 2006). The process optimization is an important 
step for the enhanced production of the enzymes. Production of several enzymes has been 
improved by the process optimization. Sangyoung et al. (2004) also said that the classical/or 
conventional methods of studying the effect of a factor, while keeping all others at 
unspecified constant levels does not depict the combined effect of all the factors involved in 
the process. RSM is the combination of mathematical and statistical technique which is 
useful for process optimization of parameters for enhanced production of the enzymes. The 
technique improves the optimization process by evaluating the relative significance of 
several factors affecting the product yield. By the design of esperiments, the series of 
experiments (runs), in which changes are made in the independent variables in order to 
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identify the changes in the dependent variables (response/yield). Such RSM based designs 
are significantly used to reduce the cost of the expensive experimental process and the 
associated numerical noise.  
 
1.5. Production, Purification and Characterization of Enzyme 
The production of OPH enzyme as an active catalytic element for the possible 
applications of degradation of organophosphorus compounds and for their detection in 
various samples (water, river, soil and food) is important (Votchitseva et al., 2006). Ningfeng 
et al. (2004) produced OPH using bacterial isolate Pseudomonas pseudoalcaligenes. They 
reported that the isolated enzyme supernatant was suspended in Tris-Cl buffer and showed 
the activity of 0.208 U mL-1.  Zheng et al. (2007) obtained the crude suspension of the 
enzyme by using the cell powder of the strain E. coli BL21. The powder was mixed in citric 
acid buffer (pH 8) and centrifuged at 12000 g to get the enzyme suspension. Additionally, in 
recent studies, Gao et al. (2013); Hibolt et al. (2012) and Gorla et al. (2009) have reported 
the OPH from Cladosporium cladosporioides Hu-01, Sulfolobus solfataricus and 
Brevundimonas diminuta,  respectively. The enzymes are purified for their characterization, 
which is important for the studies on applications of enzymes. OPH has been isolated and 
purified by ammonium sulfate precipitation, ion exchange and gel filtration chromatography. 
The enzyme has been characterized for kinetic and thermodynamic parameters like Km, 
Vmax, Kcat, Ks, Tm, ∆G*, ∆H*, ∆S* (Gao et al., 2012; Dumas et al., 1989). 
 
1.6. Applications of OPH 
The enzymes involved in de-esterification of the organophosphorus compounds are 
called in different names like organophosphate hydrolases (OPH/OPases), 
phosphotriesterases (PTEs), organophosphate degrading enzymes (OPDs), organophosphorus 
acid anhydrases (OPAAs), and diisopropyl phosphorofloridases (DFPases). There are proven 
facts that the organophosphate hydrolases (OPHs) are strong candidates for the detoxification 
of organophosphorus compounds. There is potentiality of using OPH as organophosphorus 
compounds degrading enzyme either in liquid suspension or in immobilized form for the 
treatment of water pollution by organophosphates (Mohapatra and Pattanaik, 2013). 
Bioremediation of organophosphorus compounds by OPH based systems was an effective 
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approach to clean the polluted environment. Yang et al. reported that the soil introduced with 
strain YC-1 to the soil contaminated with 100 mg kg-1 resulted in higher degradation rates 
than non-inoculated soils (Yang et al., 2006). It is concluded from above discussion that the 
enzyme based degradation of chlorpyrifos is promising for the decontamination of the 
environment. So, there is greater need to hyperproduce OPH for the improved degradation of 
chlorpyrifos in the soil and water. 
 
1.7. Objectives 
 Isolation of bacterial strain with ability to degrade chlorpyrifos 
 Strain improvement and selection of potential mutant derived strains for enhanced 
production of organophosphate hydrolase (OPH) 
 Enhanced production and characterization of the enzyme  
 Application of enzyme suspension for degradation of chlorpyrifos in soil and water 
 
 
 
 
 
 
Chapter # 2 
REVIEW OF LITERATURE 
 
 
2.1. Chlorpyrifos 
Insecticides play main role in the success of modern farming and food production 
industry. Modern agriculture involves the use of several tons of insecticides worldover. To an 
estimate, about two million tons of organophosphate insecticides are used throughout the 
world per annum. However, an inadequate management of these insecticides led to the 
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contamination of surface and groundwater resources, because these insecticides can reside in 
the environment for variable time periods. 
Chloirpyrifos belongs to the group of chemicals, called organophosphates, which 
were originaly developed in 1930s and were later used in World War-II to kill human 
concentration camps. Chlorpyrifos a broad spectrum insecticide was introduced in 1965 is 
used worldwide in agriculture (Cho et al., 2002; Hayes and Laws 1990). The insecticide is 
useful for controlling a range of insects including cutworms, rootworms, grubds, 
cockroaches, flea beetles, termites, lice, and fire ants (Bhagobaty et al., 2006; USEPA 1986). 
Despite of its non-registration, chlorpyrifos is also used for killing of mosquitoes at an 
immature larval stage. The insecticide is available in the form of dust, emulsifiable 
concentrate, spray, granules, and wettable powderd forms, worldover (Meister, 1992). 
Chlorpyrifos is highly hazardous for the environment and human health. It has been detected 
in air, rain, marine sediments, surface, and drinking water and water wells. Significant 
amounts of chlorpyrifos were found in solid and liquid dietary samples collected from rural 
and urban areas. The metabolic product 3,5,6-trichloro-2-pyridinol has also been detected in 
urinary samples collected from variable age groups (Gebremariam et al., 2012).   
In addition to extensive use, soils contamination by the pesticide can result from the 
bulk handling in the farmyards, and accidental release from the containers may occasionally 
lead to the contamination of surface and ground waters. The organophosphate chlorpyrifos 
cause mammalian toxicity due to their widespread and extensive utilization. Reports by 
Environment protection agency (EPA) have said that a bulk of terrestrial and water 
ecosystem is contaminated by chlorpyrifos (Environmental Protection Agency, 1997). The 
insecticide is characterized as persistent with a half life of 10-120 days in soil, with a very 
low solubility in water. Chlorpyrifos can be degraded by burning, photolysis and chemical 
hydrolysis. Such practice causes the environmental pollution, by producing smoke stakes of 
pesticides burning. The chemical treatments cause the release of secondary pollutants in the 
air, which are harmful to the environment. However, biological degradation of pesticides is 
environment friendly and cost effective. 
 
2.2. Isolation of chlorpyrifos degrading bacteria 
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Exploitation of microbial cell systems for the biodegradation of chlorpyrifos from the 
contaminated system depends on the ecological, physiological and biochemical properties of 
these organisms (Singh et al., 2004). They stated that the isolation of bacterial strains capable 
of degrading organophosphate pesticides like, parathion was relatively easy. For example, 
pseudomonas diminuta and flavobacterium species has been isolated for the degradation of 
parathione. Both strains were isolated from the distant soils of United States and Philippines, 
respectively. In addition, a methy parathion degrading Pseudomoas putida, which also used 
para-nitrophenol as carbon source was also isolated by Rani and Lalitha-Kumari (1994). On 
the other hand, regardless of its extensive applications for the purpose of agricultural and pest 
control since 1965, it has been problematic to isolate the strains for the degradation of 
chlorpyrifos. Attempts by Mallick et al. (1999) and Racke et al. (1990) for the isolation of 
chlorpyrifos degrading strain from chlorpyrifos-treated soils were not successful. The 
insecticides however have been reported to be degraded cometaboically in liquid media by 
the new bacterial isolate of Agrobacterium radiobacter P230 (Horne et al., 2002).  
Kavikarunya and Reetha (2012) used soil from paddy field with a repeated history of 
pesticide application, for the isolation of chlorpyrifos degrading bacterial strain. The isolates 
were found to be Pseudomonas fluorescens, Klebsiella sp. and Bacillus subtilis. They used 
minisalt broth supplemented with 50 ppm (parts per million) chlorpyrifos, to access its 
degradation by the isolates. Among the three isolated bacterial strains, Klebsiella sp. showed 
maximum growth and highest efficiency for the degradation of chlorpyrifos. 
Vijayalakshmi and Usha (2012) reported the isolation of chlorpyrifos and endosulfan 
degrading bacterial strains from the agricultural field soils. The inoculated strains were 
incubated for 90 days and they utilized the insecticides chlorpyrifos and endosulfan as sole 
carbon source. A majourity of Gram negative bacterial isolates were obtained after the 
enrichment of 27 collected samples. The spectrophotometric analysis showed that strains 
CHS23 and ENS10 degraded 38 and 42 % chlorpyrifos and endosulfan, respectively.  
Chlorpyrifos degrading actinobacteria strain was isolated by Briceno et al. (2012). 
The strains were isolated from chlorpyrifos contaminated soils, water and sediments. Four 
isolated strains were resistant to 50 mg L-1 of chlorpyrifos on agar plates. Upon 16S rRNA 
sequence analysis the strains were identified as streptomyces sp. On the liquid medium, the 
strains were cultivated with chlorpyrifos addition of 25 mg L-1 and 50 mg L-1 for 72 hours 
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incubation. The degradation of chlorpyrifos was observed with an associated consumption of 
glucose, organic acids secretion, and TCP production in liquid medium; whereas no 
significant production of TCP was observed in degradation of chlorpyrifos in soil (Singh et 
al., 2004). TCP accumulated in the soil has antimicrobial properties, thus inhibits the growth 
of chlorpyrifos degrading bacteria in the medium. On the other hand most of the insecticide 
degraded was released in the form of CO2. Yang et al. (2005) reported that both chlorpyrifos 
and TCP can be degraded by the microbes isolated from contaminated soil. Alcaligenes 
faecalis utilized chlorpyrifos as sole source of carbon and phosphorus and degraded 3,5,6-
trichloro-2-pyridinol, parathione, diazinon. The addition the contaminated soil (100 mg kg-1) 
subjected to the strain Alcaligenes faecalis showed significantly higher degradation as 
compared to non-inoculated soil. 
A highly effective Bacillus subtilis Y242 strain for chlorpyrifos degradation was 
isolated from agricultural wastewater. The strain used chlorpyrifos as carbon source, and 
decomposed 95% within 48 h of incubation (El-Helow et al., 2013). Yang et al. (2005) and 
Anwar et al. (2009) reported the isolation of chlorpyrifos degrading strains Alcaligenes 
faecalis and Bacillus pumilis C2A1. Alcaligenes faecalis also utilized chlorpyrifos as carbon 
source, with concomitant degradation of TCP. Additionaly, they reported the utilization of 
parathion and diazinon as carbon and phosphorus sources, respectively. 
 
2.3. Brevibacillus parabrevis (B. parabrevis) 
The strain Brevibacillus parabrevis also known as Bacillus brevis is strictely aerobic 
and motile. The cells are gram variable (mixed gram staining). The size of the cells is 0.7-0.9 
× 3-5 µm and occurs in singles and pairs (Vos et al., 2009). The strain has been reported to 
grow on regular nutrient ager media, producing glossy and cream colored colonies (Fig. 2.1). 
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Fig. 2.1 Glossy colonies of Brevibacillus brevis strain 
Source: Bergey’s manul of systematic bacteriology: Vol 3: The Firmicutes 
 
Barathidasan and Reetha (2013) isolated the chlorpyrifos degrading bacterial strains 
from field the soils, with a long history of chlorpyrifos use. From the chlorpyrifos 
contaminated soils, 6 morphologically different strains were isolated. The strains Brevibacills 
sp. and Pseudomonas sp. were isolated by following the Bergey’s manual of determinative 
bacteriology. Thomas (2006) isolated ethanol tolerant Brevibacills choshinensis strain from 
grape cultures; where the gram negative rod cells were 2-4× 0.5-0.6 μm in size. Hugon et al. 
(2013); Saikia et al. (2011) and Gomez et al. (2011) isolated Breviabcillus massiliensis, 
Brevibacillus laterosporus strain BPM3 and Brevibacillus brevis from fecal flora of woman, 
hot water spring and tracheal aspirates of hospitalized patient, respectively.  
Kim et al. (2009) isolated the rod shaped endospores forming motile bacterial strains 
DCY35 (T) and C17 from soil. The taxomnomic studies showed that the strains belonged to 
family Paenibacillaceae. Where maximum similarity of the strain DCY35 (T) with strain 
C17, Brevibacillus invocatus LMG18962 (T), B. Centrosporus DM8445 (T), B. borstelensis 
DSM 6347, B. formosus DSM 9885 (T), B. agri DMS 6348 (T), B. brevis DSM 30(T), and B. 
levickii LMG 22484 (T) was 99.9, 98.9, 98, 97.6, 97.4, 97.3, 97.3 and 97 % respectively. 
They stated that both the strains showed the distinct physiological and biochemical tests thus 
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were considered the strain as novel species of the genus Brevibacillus and proposed the name 
Brevibacillis panacihumi for the new isolate. 
Reva et al. (2001) stated that genetics and biochemistry through molecular 
biochemistry has led to next steps for the taxonomic identification of the bacteria. But there 
has been great difficulty for non-specialist for the identification in Bacillus taxonomy or 
identification. They presented the key for the specific identification of spore forming 
bacterial genera including Brevibacillus, Bacillus paenibacillus, Aneurinibacillus, 
Geobacillus and Virgibacillus. They reported thae utilization of tyrosin in agar medium for 
the selective enumeration of Brevibacillus sp. on the basis of its tyrosin hydrolysis activity. 
The reliability of their presented key was tested on hundred cultures from Ukrainian 
collection of microorganisms.  
Edwards and Seddon, (2001) developed a selective medium for the enumeration of 
Brevibacillus brevis (B. brevis) spores from soil and plant material. They used tyrosine agar 
medium for the selective isolation of B. brevis from sterile and non sterile plant and soil 
extracts. They identified the B. brevis Nagano colonies on Tyrosin agar due to clear halo 
formation around the colonies. The isolation was confirmed by thin layer chromatography of 
antibiotic gramicidin S, produced by the bacterial strain. They concluded, tyrosine agar as 
suitable selective medium for careful enumeration of B. brevis strain. Vos et al. (2009) also 
reported the utilization of tyrosin hydrolysis medium containing 0.5 mg mL-1 tyrosin in agar 
medium for the selective detection of Brevibacillus species.  
 
2.4. Biochemical and molecular identification by 16S rRNA sequencing 
Polymerase chain reaction has wide applications in diagnostic and research 
laboratories, thus being used routinely for the identification of bacteria. Similarly 16S rRNA 
sequence analysis is the most widely used tool for the identification of unknown bacterial 
isolates, that are difficult to identify by biochemical tests (Buller, 2004). For a number of 
reasons, the utilization of 16S rRNA sequence analysis has been by far the most common 
housekeeping genetic marker to study the bacterial phylogeny and taxonomy. The 16S rRNA 
genes are present in almost all the bacteria, and the function has not changed over time. The 
size of the 16S rRNA gene is 1500 base pairs, which is large enough for the informatics 
purpose (Janda and Abbot, 2007). 
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Based on the phylogenetic similarity of 16S rRNA sequence, Yang et al. (2005) 
reported that isolated clorpyrifos degrading bacterial strain DSP3 was identified as 
Alcaligenes faecalis. While another bacterial strain Y242 that degraded chlorpyrifos was 
identified as Bacillus subtilis, after the molecular identification by 16S rRNA sequencing 
(El-Helow et al., 2013). Sorokulova et al. (2003) and Gee et al. (2003) identified Bacillus 
subtilis and Burkholderia pseudomallei and B. malle, by using the universal primers for 16S 
rRNA.  
Bintang et al. (2014) reported the isolation and identification of endopytic bacteria. 
They stated that a bioactive compound was used for the treatment of asthma, diarrhea, 
bronchitis, cough, neutralization of toxins, maturation acceleration, and to kill intestinal 
worms from the plant Coleus scutellariodes [L] Benth. The bioactive compound was not 
efficient due to need of larger biomass, so, the bacterial genera producing the anticancer 
agents, antibiotics, antifungal and antivirals can be used instead. For this purpose they 
isolated the bacterial strain DM6 from Benth leaves, which had the history to inhibit the 
growth of pathogenic bacterial strains, such as Staphylococcus aureus, Escherichia coli, 
Salmonella enteritidis and Bacillus cereus. They identified the strain by 16S rRNA, and the 
results after sequence analysis using BLAST for DM6 showed that the strain was 
Brevibacillus parabrevis strain HDYM-15, with 96 % identity.  
Pseudomonas putida and Pseudomonas aeruginosa strains were isolated by 
Vijayalakshmi and Usha (2012). The phylogeny of the strains was determined by sequencing 
of 16S rRNA. The sequences were submitted to Genbank and the accession numbers for the 
strains Pseudomonas putida and Pseudomonas aeruginosa were JQ701740 and JX204836, 
respectively. 
Several bacterial strains capable of organophosphorus compounds hydrolysis have 
been isolated and identified from different niches by now. In addition, biodegradation of the 
insecticides play important role in monitoring their residual concentration in the field and 
helps to examine their efficiency for application in insect control programs. The microbes 
have evolved for a variety of novel organophosphate degrading enzymes and pathways. Out 
of other pathways of degradation reported by the researchers, the degradation of 
organophosphate insecticides by the microbial enzyme OPH was found more efficient.  
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2.5. Organophosphate hydrolase (OPH) 
Organophosphate insecticides are nerve poisoning agents that cause the disruption in 
the transmission of nerve impulse in target organisms. Additionally, the insecticides have 
been reported as the major cause of neuronal disorders in non-target organisms, thus has 
drawn ample attention for research on accelerated degradation of their residues. Mohapatra 
and Pattanaik (2013) said that organophosphorus compounds are primarily degraded by 3 
pathways. The pathways include, reduced glutathione dependent decarboxylation or 
dearylation, by oxidation, which is mediated by cytochrome P450, and esterification by 
enzymes.  They reported that, the enzyme mediated degradation is the most efficient mode of 
degradation, which is catalyzed by bacterial organophosphate hydrolases/phosphotriesterase 
enzymes. 
Efremenko and Sergeeva, (2001), reported that OPH or phosphotriesterase 
(OPH/PTE) (EC. 3.1.8.1) was the key enzyme for the destruction of organophosphorus 
compounds. They reported that the enzyme catalyzed the hydrolysis of phosphoester bond in 
orthophosphates. The activity of OPH, using chlorpyrifos as major substrate was checked by 
Cho et al. (2004). They used 0.2 mM chlorpyrifos as substrate, while purified enzyme 
suspensions were kept in CHES (N-cyclohexyl-2-aminoethanesulfonic acid) buffer pH 9.0. 
The optical density was determined at 276 nm for the hydrolysis of chlorpyrifos. For the 
directed selection of OPH variants, the plate assay based on the formation of clearance haloes 
was performed using chlorpyrifos as substrate. For the variant B3561, 725 folds increased 
Kcat/Km was observed. In another study Cho et al. (2006) studied the enzyme activity of 
variants for OPH enzyme using various substrates. They used directed evolution for the 
generation of a variant with upto 25 folds improved hydrolysis ability for the substrate 
methyl parathion. The variant was capable of degrading other substrates including paraoxon, 
parathion, and coumaphos with 2-10 folds higher efficiency. 
Bigley and Raushel (2013) reported the catalytic mechanism of OPH enzyme. They 
reported that the enzymes phosphoriesterases, methyl parathion hydrolase, organophosphate 
anhydrolase diisopropylflorophosphatases and paraoxonases generally differ in sequence of 
protein and three dimentional structure. They studied the crystal structure of 
phosphotriestarase, which is shown in Fig. 2.2. 
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Fig. 2.2.  Crystal structure of organophosphate hydrolase 
 
The reported enzyme OPH is capable to readily degrade the phosphinate and 
phosphonate compounds. It effectively hydrolyzes the substrates with electron withdrawing 
phenolic leaving groups. Such remarkable broad specificity of the enzyme has been thought 
of to be due to non-specific nature of substrate binding site. The enzyme has three water 
groups of substrate interaction with three hydrophobic pockets on its surface (Vanhook et al., 
1996). 
Aubert et al. (2004) reported the catalytic mechanism of organophosphorus 
compounds catalysis by the enzyme OPH. They reported that OPH from Pseudomonas 
diminuta was a metalloenzyme containing zinc, and was able to hydrolyze a variety of 
organophosphorus compounds. Thus, the kinetic parameters of Zn/Zn, Cd/Cd OPH and 
mixed metal Zn/Cd hybrid OPH were studied with various substrates. The pH-rates profiles 
of catalysis of diethyl para nitrophenyl phosphate I and diethy para chlorophenyl phosphate 
II confirmed that the ionization of a single group within the pH range of 5 to 10 was required 
for the substrate turnover. They studied various alanine and asparagine mutations to 
characterize the catalytic functions of Asp301, Asp233 and His254. It was observed that 
mutations to His254 and Asp233 reulted in improved rate of hydrolysis of diethyl para 
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chlorophenylphosphate substrate by OPH. They proposed the mechanism of 
organophosphate compound hydrolysis by OPH, which is shown as under (Fig. 2.3).  
Jackson et al. (2006) reconstituted the active sites in vitro to study the catalytic 
mechanisms of the binuclear metalloproteins of phosphotriesterase. The active site metals 
were determined by atomic absorption spectroscopy and anomalous X-ray scattering.They 
reported that the data collected from the single crystal of the enzyme at the Fe-K, Zn-K and 
Co-k edges, showed that the cobalt were the primary components for the two metal binding 
sites (α and β); where the protein was expressed in E.coli in supplemented  medium. They 
suggested that there was an essential role of the iron in the catalytic efficiency of the enzyme, 
and these enzymes were heterobinuclear iron-zing proteins natively. 
 
Fig. 2.3. Mechanism of hydrolysis of organophosphorus compounds by the enzyme 
OPH 
Due to greater utilization of chlorpyrifos during last decade, there is more public 
concern for its toxic effects on human health and environment. Thus, in recent years, the 
studies on the degradation of chlorpyrifos are becoming increasingly important. (Gao et al., 
2012) isolated the first fungal strain Cladosporium cladosporioides Hu-01 from the 
organophosphate contaminated soil, capable of degrading chlorpyrifos by OPH enzyme. 
They suggested that the enzyme OPH from Cladosporium cladosporioides Hu-01 was a 
novel hydrolase, which possibly be developed to fulfil the practiral requirements to be used 
for the in situ detgradation of chlorpyrifos.  
After the isolation of chlorpyrifos degrading bacterial strain, Singh et al. (2004) used 
it for the degradation of chlorpyrifos. They studied, that the degradation products of 
chlorpyrifos (TCP and DETP) were utilized for energy and growth by the organism. The soil 
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subjected to bacteria degraded the concentration of 35 mg kg-1 of chlorpyrifos as compared to 
non-inoculated soil. In 2007, Zheng et al. decontaminated the vegetables, sprayed with 
organophosphorus pesticides. They used crude suspension of OPH enzyme that was obtained 
in 50 mM citrate phosphate buffer (pH 8.0) and degraded up-to 97% of pesticide sprayed on 
cabbage. The efficiency of OPH was superior to the treatment of water, detergent, 
commercially avaibale enzyme products. Additionally the products formed after the 
degradation of chlorpyrifos by OPH were reported to be non-toxic. 
 OPH holds an intense interest due to efficient degradation of organophosporus 
compounds and close attention of researchers is required for its improved activity and 
enhanced production for the broad spectrum detoxification of organophosphates. According 
to the review of literature, no research reports have been found on strain improvement for the 
enhanced production of OPH enzyme.   
 
2.6. Strain improvement by physical and chemical mutagenesis 
Mutagenesis is described as treatment or exposure of biological materials by 
mutagenic agents. Useful methods to artificially induce mutations are chemical and physical 
mutagenesis. The agents used for chemical mutagenesis are mostly alkylating agents or 
azides; whereas physical mutatagenesis is induced by x-rays, gamma rays and UV light. Such 
agents raise the frequency of mutations over spontaneous rate (Andrea and Afza, 2003). 
Chikelu et al. (2010) said that, mutations are heritable changes to the genetic makeup of an 
individual. Such mutations have been reported to occur in a slow process, and pass to the 
offsprings, leading to development of new individuals, species and genera. In their 
publication, they introduced physical and chemical agents for mutagenesis, which include x-
rays, gamma rays, UV light, alkylating agents, intercalating agents (ethidium bromide) and 
base analogues. Physically and chemically induced mutations are distributed non-randomly 
within a sequence and occur more frequently in some sites than expected, thus originating 
mutagen specific patterns of mutations. In recent new methodologies, such as genetic 
engineering and rational screening of the mutant strains have begun to make significant 
contributions to get potential mutant derived strains. However, mutagenesis and selection by 
so called “random screening” is still cost effective process for the reliable and short term 
strain improvement, and thus the mothod of choice.  
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In 2014, Suribabu et al. reported that physical and chemical strain improvement plays 
important role to qualitatively and quantitatively improve the yield of the product. They said 
that, ultraviolet radiation exerts mutagenic effects by exciting the electrons of the molecules, 
and showed 20 mm zone of hydrolysis by alpha amylase after ultraviolet irradiation of 
Brevibacillus borstelensis R1 strain for 80 minutes. Out of 10 mutant derived strains, UV-3 
and UV-10 showed 3000-1000 U mL-1 activity of amylase. Brevibacillus borstelensis R1 
showed 25.75 % survival after 120 minutes exposure in Pinkovskaya’s medium. After 
chemical mutagenesis, 50 selected mutant derived strains showed 3000-43000 U mL-1 
enzyme activity, which was highly significant as compared to wild strain. 
Meraj et al. (2012) optimized the production of urate oxidase through physical and 
chemical mutagenesis of Bacillus subtilis. They used methyl methanesulfonate and ethidium 
bromide as chemical mutagen agents. For the selection of positive mutant strains, 2-thiouric 
acid was used as selective marker after ultraviolet irradiation and chemical mutagen 
treatment of Bacillus subtilis. After the formulation of 3-log kill curve, 180 minutes dose of 
ethyl methaesulfonate was found best for the enhanced production of urate oxidase.  
Iftikhar et al. (2010) utilized gamma irradiation for the enhanced lopolytic potential 
of Aspergillus niger, Rhizopus microspores and Penicillium atrovenetum. Among the 
selected mutant derived strains, highest lipolytc activity of 13.75±0.15 U mL-1 was observed 
by MBL-5 of Aspergillus niger after 140 Gy dose esposure to gamma radiation. Jayaraman 
and Ilyas (2010) reported strain improvement of Pseudomonas sp. for the enhanced 
production of lipase enzyme. After physical mutagenesis by ultraviolet irradiation, the strain 
PSuv3 was found as predominant lipase producing strain followed by the strain PSuv4. On 
the other hand, after chemical mutagenesis the strains PSems120 showed highest enzymatic 
activity, which was followed by PSems150. Abdullah et al. (2013) used both chemical and 
physical mutagenesis for the enhanced production of alpha amylase from A. oryzae strain 
IIB-30. They used UV radiation, nitrous acid and ethyl methanesulfonate for the strain 
improvement of A. oryzae. They reported that the chemical mutagenesis by EMS showed 
significant strain improvement with 2.1 folds increased activity of the enzyme over the wild 
strain, so it was suggested that chemical mutagenesis was more effective for the fungal strain 
improvement. On the other hand Rasul et al. (2011) reported the efficiency of ultraviolet 
irradiation for the enhanced production of glucose oxsidase enzyme. They used ultraviolet 
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irradiation for the strain improvement of A. niger; where there was 112.5 % increased 
glucose oxidase activity as compared to wild strain. 
Guleria et al. (2013) reported the use of physical and chemical agents for the 
enhanced production of cellulase free xylanase by using Cellulosimicrobium sp. Ultraviolet 
irradiation, ethidium bromide (0.1-2.0 mg mL-1) and ethyl methanesulfonate (5.0-7.0 mg mL-
1) were used for the strain improvement. The mutant derived strain Cellulosimicrobium E5 
showed 35.89 % increased xylanase enzyme as compared to wild strain of 
Cellulosimicrobium sp. They stated that mutant derived strain Cellulosimicrobium E5 worked 
in alkaline conditions thus suggested the mutant strain for possible applications in paper and 
pulp industry. 
The chemical mutagen agent “ethidium bromide” preferentially induces frameshift 
mutations. Frameshift mutations characteristically are most severe form of point mutations, 
because they almost always produce null mutations (Ennis, 2001). Narayanan et al. (2013) 
used 1.5µg mL-1 ethidium bromide for strain improvement of A. terrus to improve chitinase 
production. Chand et al. (2005) obtained maximum production of cellulase by using 5µg mL-
1 ethidium bromide along with MNNG. Zia et al. (2010) and Vu et al. (2009) used 0.5 mg 
mL-1 ethidium bromide and MNNG for the strain improvement of A. niger for the enhanced 
production of glucose oxidase and cellulase, respectively.  
It has been reported that rational selection procedures which is based on biochemical 
tests are more successive and efficient. The rational selection is achieved by the use of visual 
identification techniques for the identification of superior mutants (Abdullah et al., 2013). 
The utilization of Triton-x-100 has been reported in several research reports for the colony 
restriction of several bacterial and fungal strains. Shahbazi et al. (2010) and Zaldivar et al. 
(2001) used Triton-x-100 for the colony restriction of Trichoderma and Trichoderma 
aureoviride 7-121 strains for the selection of resistant mutant cells. Apart from the colony 
restrictors, the selective marker chemicals are used for their abilities to inhibit the 
bacterial/fungal growth on the basis of their undesired properties. For example 2-deoxy-D-
glucose is glucose analogue and it inhibits the metabolism of glucose, so Rasul et al. (2011) 
and Zia et al. (2010) used it for the selection of glucose oxidase producing mutant derived 
strains of A. niger.  
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There is a long list of research reports on mutagenesis of several bacterial and fungal 
strains for the enhanced production of different enzymes. However, no work was found on 
the enhanced production of OPH by the chemical or physical mutagenesis of the strain 
Brevibacillus parabrevis strain.  However, some scientists report for the selective growth 
inhibition of chlorpyrifos degrading bacterial strains by 3,5,6-trichloro-2-pyridinol (TCP) (Li 
et al., 2007; Singh et al., 2004). This property of TCP can be utilized for the selection of 
superior mutant derived strains with competitive resistance against TCP induced inhibition.  
 
2.7. Optimization of enzyme production  
In production of enzymes, various factors play their role to increase or decrease the 
end product. Such factors include the internal and external factors of the microbe; substrate 
concentration, carbon source, nitrogen source, incubation time, pH and temperature. All these 
factors play individual and interactive effects on the activity and stability of the enzymes. To 
study such factors is critical to get optimized production of the enzyme. Classical approach 
has been of importance for a long time, while the statistical approach has emerged with new 
ways to optimize the production of enzymes. In optimizing such complex processes, 
Response Surface Methodology (RSM) which consists of a group of mathematical and 
statistical procedure, has been reported as suitable method. RSM also leads to cost 
minimization, with effective screening and optimization of process variables (Sharma et al., 
2005). Vijayalakshmi and Usha, (2012) studied the effect of various factors, including pH, 
temperature, inoculums concentration, glucose, nitrogen concentration and agitation time for 
the optimum degradation of chlorpyrifos in liquid cultures of Pseuodomonas putid. After the 
process optimization by classical method, 38 % higher degradation of chlorpyrifos was 
observed by the strain CHS23a.  
Elavarason et al. (2009) utilized the RSM technique for the statistical optimization of 
the variables in the alkylation with tert-butyl alcohol. They used four process variables to 
study the effects on the alkylation. The factors were temperature, catalysit to p-cresol ration, 
reactant mole ration and time of the reaction. They used Box-Behenken design and found 
low temperature, low p-cresol to alcohol ration and low catalyst to p-cresol ratio to obtain the 
maximum yield of 2-tert-butyl-p-cresol.  
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Chen et al. (2012) optimized the production of OPH by response surface 
methodology. They selected three variables which were pH, temperature, and culture time at 
5 levels of variation. A central composit desigh (CCD) with 23 runs in triplicates was 
generated by statistic analysis system (SAS). The optimum conditions for the OPH 
production by the strain Cladosporium cladosporioides Hu-01 were 6.5 (pH), 26.8 ºC 
temperature and 4 days of culture time. 
Qader et al. (2006) studied the optimization of conditions for the enhanced 
production of α-amylase, using the isolated strain bacillus sp. AS-1. The enhanced 
production of the enzyme was achieved at 35 °C, at pH 7.0. The classical method for the 
process optimization resulted in the CaCl2 0.2 g L
-1  and starch 20 g L-1; while the study on 
effect of different nitrogen sources resulted in maximum yield at 4 g L-1  yeast extract, and 
peptone 10 g L-1. Usharani and Muthukumar (2013) studied the degradation of 
methylparathion by Fusarium species, by response surface methodology. They observed that 
optimized degradation of methylparathion was successfully predicted by RSM. They 
observed that the efficiency of degradation of methylparathion after optimization was 92%. 
The degradation of chlorpyrifos was observed at variable pH, inoculums density, carbon 
source, and pesticide concentrations were studied by classical method (Anwar et al., 2009). 
Optimized pH was 8.5 with high inoculums density and chlorpyrifos as carbon source by the 
strain; while improvement in the degradation of chlorpyrifos was observed in the presence of 
other nutrients. They reported that with optimized medium conditions, 90% degradation of 
chlorpyrifos was observed within 8 days of incubation. 
 
2.8. Purification and characterization of enzyme 
Purified OPH was obtained after combined use of gel filtration and ion exchange, 
hydrophobic and dye matrix chromatography (Dumas et al., 1989). The purified enzyme 
after SDS-PAGE was reported to be monomeric and showed molecular weight of 39 kDa. 
Rowland et al. (1991) purified parathion hydrolase by ion exchange and gel filtration 
chromatography, from Streptomyces lividans. The enzyme was 9.5 folds purified after 
ammonium sulfate precipitation, ion exchange and gel filtration chromatography. From 
Streptomyces lividans, the reported enzyme was 35,000 Da, with a single band on SDS-
PAGE gel. Km and Vmax values for parathion substrate were 68 µM, and 1274 U mL-1. 
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Ningfeng et al. (2004) isolated and purified the OPH from the crude extracts of 
Pseudomonas pseudoalcaligenes. The ammonium sulfate precipitation of the enzyme was 
performed at the saturation levels of 20-90 %. They reported that the OPH enzyme OPHC2 
was a monomeric protein of 35 kDa after SDS-PAGE. Using methyl parathion as substrate 
the enzyme OPHC2 showed optimum activity at 65ºC temperature and pH 9. 
Similar to all catalysis reactions, the rate of enzymes catalyzed reactions increases 
with increase in temperature. A 10 degree centigrade rise in temperature increases the 
enzyme activity upto 50-100%; while at higher temperatures, most of enzymes are denatured. 
It has been reported in Worthington enzymes manual, that the rate of an enzyme catalyzed 
reaction increases upto a certain level at which it shows maximum activity, but after that 
certain point of temperature, the activity abruptly decreases. The enzymes are usually 
denatured at temperatures 40+ °C and above (Worthington, 1988). The studies on the enzyme 
for the determination of optimum levels of pH, temperature, and substrate concentration were 
conducted by many researchers. Gotthard et al. (2013) reported OPHC2 which exhibited 
methylparathion hydrolyzing activity. The enzyme originated from mesophilic bacterial 
strain, however, showed optimum activity at 66 °C. Gao et al. (2012) reported the optimum 
activity of the enzyme at 40 °C, which actively decreased above 50 °C, while above 60 °C 
the activity was completely lost.  
 Worthington (1988) reported the effect of pH of the surrounding on the enzyme 
activity. As the pH is an important factor in stability of enzyme; an extremely acidic or basic 
pH may cause the enzyme to lose the activity. At certain point of pH, the enzyme is most 
active; the point is called the optimum pH.  Optimum pH for organophosphate degrading 
arylesterase enzyme was studied by Park et al (2008). They observed that optimum pH for 
OPH was 7.0; while, Zheng et al. (2007) reported the optimum activity of OPH to be at pH 
8.0. 
Liu et al. (2004) isolated and purified OPH by Penecillium lilacinum BP303 strain. 
The strain was able to degrade various organophosphate insecticides by cleaving the P-O 
bond in phospotriesters and P-S bond in phosphothiolesters. The novel OPH from fungus 
catalyzed the degradation of methyl parathion, parathion, coumaphos, paraoxon, demeton-S, 
malathion and phosmet. Homogenous suspension of OPH was monomeric in strucuture, with 
molecular mass of 60 kDa. The optimal enzyme activity was observed at 45ºC temperature 
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and 7.5 pH. They reported that the enzyme showed highest efficiency of catalysis against 
paraoxon.  
Das and Singh (2010) purified and characterized phosphotriesterase enzyme from the 
soil bacterial strains.  The enzyme was purified to more than 1000-folds, with a resultant 
yield of 13-16%. They reported that the purified enzyme from Clavibacter michiganense 
subsp. Insidiosum SBL-11 was monomeric while the enzyme from Pseudomonas aeruginosa 
F10B was hetrodimeric in structure. The molecular masses of the enyzmes from Clavibacter 
michiganense subsp. Insidiosum SBL-11 and Pseudomonas aeruginosa were 43.5 kDa and 43 
and 41 kDa (for 2 subunits), respectively. Purified enzymes from both strains were stable at 
pH 9, while the half lifes were 7.3 h and 6.4 h at 50ºC, respectively. 
Hiblot et al. (2012) characterized OPH catalytic activity of SsoPox from Sulfolobus 
solfataricus. They reported that, SsoPox belonged to the phosphotriesterase like lactonase 
family. Due to intrinsic thermal stability, SsoPox was reported to be an appealing enzyme for 
the biodegradation of organophosphorus compounds. They performed a broad 
characterization of SsoPox with a variety of phosphotriester and phosphodiesters as 
substrates, and showed that the OPH SsoPox was suitabale for a broad range of 
organophosphate insecticides. The enzyme was highly stable under the denaturing 
temperatures and exhibited catalytic activity with Kcat/Km of 105 M-1S-1.   
 
2.9. Application of organophosphate hydrolase  
Traditional or classical approaches for the detoxification of organophosphorus 
compounds which include landfilling, incineration, pyrolysis and recycling are harmful and 
possess serious environmental consequences. Hence, the applications of functional strains for 
the detoxification of organophosphorus compounds through enzymes and thus are receiving 
significant attention. Additionally, it offers the promising, economical and safe degradation 
of organophosphorus compounds.  
In their review on detoxification of organophosphorus compounds by OPH producing 
microbes, Zheng et al. (2013) reported the use of OPH and active bacterial strains for the 
bioremediation of organophosphates. Bioremediation is a cost effective, environmnental 
friendly and efficient approach, which can be considered as superior alternative to physical 
and chemical methods. They said that the technologies for the bioremediation can be 
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classified as in situ or ex situ bioremediation, where in situ bioremediation involves the 
degradation in natural conditions. The insecticide is degraded into carbon dioxide and water. 
The approach has been reported to be low cost, eco-friendly and sustainable for the cleanup 
of the polluted sites.  
Improved biodegradation of chlorpyrifos has been observed by the strain 
Enterobacter-B14. The strain utilized chlorpyrifos as sole source of carbon and phosphorus, 
and metabolized it into the primary products TCP and diethylthiophosphoric acid (DETP). 
Further studies revealed that, the strain Enterobacter B-14 utilized novel enzyme OPH to 
degrade chlorpyrifos and produce metabolic energy Singh et al. (2004). Istamboulie et al. 
(2010) developed the chlorpyrifos detoxification system based on OPH in water. They 
immobilized the enzyme on activated agarose gel through covalent coupling. It was reported 
that 500 IU of the enzyme were suitable for the degradation of chlorpyrifos containing water 
solutions. They employed the method for the decontamination of the real samples of the 
pesticide with concdentrations upto 20 μg L-1. 
The organophosphate insecticides have long history of use as pest killers and warfare 
agents. Sogorb et al. (2004) reported that these insecticides have been severe problem to 
human health and are reported to be a cause of around 200,000 deaths annually. For the 
improvement of classical treatments, new medical practices have been introduced by world 
health organization (WHO). They stated that many studies have been able to show the 
administration of OPH enzyme as promising treatment for the persons poisoned with 
organophosphorus compounds. For the patients having ingested large amounts of 
organophosphate insecticide, the OPH enzyme based treatment. They also suggested that the 
experimental data showed that it might be the time to initiate the clinical trials to study the 
efficiency of OPH for prophylaxis of organophosphorus intoxication.  
Ismail et al. (2013) performed the degaradation of chlorpyrifos in aquous solutions by 
using gamma irradiation. They used Co60 as the source for gamma radiations and studied the 
efficiency of chlorpyrifos removal. A wide range of chlorpyrifos 200-1000 µg L-1 was 
irradiated through 30-575 Gy power of gamma rays. They reported the degradation of 500 µg 
L-1 of chlorpyrifos solution. The affects of saturated chemical solutions of NO2, N2, tetra-
butanol, iso-propanol, NaNO2, NaNO3, and radical scavangers was also studied on the 
degradation of chlorpyrifos. They found that oxidative OH was significant for the 
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degradation of chlorpyrifos; however, the reductive radicals, H, and aquous electrons were 
non-significnat, comparatively. It has been reported that the use of chemicals and other non-
biological degradation methods for organophosphate pesticides cause the release of 
additional harmful redicals, and by-products; which in turm pollute the environment 
severely. Such methods using chemicals and harmful radiations are also expensive and 
laborious (Hernandez et al., 2013). 
Alberti et al. (2012) observed the degradation of chlorpyrifos by the biomix 
composed of the top soil. An amount of 160 mg kg-1 of chlorpyrifos was degraded with the 
formation of TCP after various incubation periods. It was observed that the biomix positively 
affected the degradation of chorpyrifos, with concomitant formation of TCP. It was formed 
during the first step of chlorpyrifos degradation, which later degraded by the biomix. The 
degradation time was 15 days which resulted in 70 % removal of chlorpyrifos. So, biomix 
with peat, straw and andisol (1:2:1) was suitable for the degradation of chlorpyrifos. 
The cyanobacterium Synechocystis sp. strain PUPCCC64 was isolated by Singh et al. 
(2011). The strain was able to resist upto 15 mg L-1 chlorpyrifos, while most of the 
insecticide was degraded by Synechocystis sp. strain PUPCCC64. It was reported that the 
biomass, pH, and temperature affected the degradation of chlorpyrifos by Synechocystis sp. 
strain PUPCCC64. They observed that several degradation products resulted after the 
degradation of chlorpyrifos by Synechocystis sp. strain PUPCCC64. One of the degradation 
product was TCP, that was evidenced by GC-MS chromatogram. Chen et al. (2012) used 
Cladosporium cladosporiodes Hu-01 for the degradation of chlorpyrifos with the 
accumulation of metabolic products TCP and DETP, while, the degradation of both 
metabolites was also reported which is shown in Fig. 2.4. Where, Surekha et al. (2008) and 
Mohan et al. (2004) also reported that the primary mechanism for the organophosphates 
breakdown by the microbes in soil and water was mineralization in non-toxic compounds. 
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Fig. 2.4. Degradation of chlorpyrifos and its catalytic products 
Now a days, there is diverse range of microbes are reported in literature that are 
responsible to degrade chlorpyrifos (George et al., 2014). As having extensive use as a broad 
spectrum pest control agent, the chlorpyrifos and its metabolites in the soil and water can 
affect the public health for a long period. So, there is greater need for the development of 
sensitive and effective methods for the detection and degradation of chlorpyrifos in 
environmental samples.   
 
2.10. Determination of chlorpyrifos by GC-ECD and HPLC 
Chlopyrifos can be determined directely through Gas chromatography (GC) with 
selective detection methods. The extraction of chlorpyrifos from soil and ground water has 
been reported by various methods which include extraction using methylene chloride, extract 
volume reduction, water removal and soxhlet extraction. According to FAO (2004) (Food 
and agriculture organization UN) Gas chromatography and High Performance Liquid 
Chromatography (HPLC) provided good evidence of identification of chlorpyrifos. Using 
Gas chromatography for soil samples, 98% recovery of chlorpyrifos has been reported in 
literature, while 93 % recovery of chlorpyrifos from water samples was reported by HPLC 
(Bogus et al., 1990). Halimah et al. (1999) determined the residues of chlorpyrifos by GC-
FPD (gas chromatography-flame photometric detector) and GC-ECD (Gas cgromatography-
electron capture detector). They reported that the recoveries of chlorpyrifos by using gas 
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chromatography-ECD ranged from 97-105%. They also said that GC-ECD was preferable 
method for the detection of chlorpyrifos as compared to other gas chromatography methods. 
Chandra et al. (2010) determined the residues of chlorpyrifos and cypermethrin in 
cauliflower and brinjal by GC-ECD. The residues of insecticides were extracted by using 
ethyl acetate and cleaned up with ethyl acetate and hexane mixture. After using the highly 
sensitive method of GC-ECD, they reported that pesticide residues of 90 % in the vegetables. 
Kumar, (2011) isolated the bacterial strains from cultivated soils capable of degrading 
chlorpyrifos. Four monocultures of bacterial strains RCC-2, GCC-1, GCC-3 and JCC-3 and 
two mixed cultured bacterial strains of GCE345 and GCC134 were used for chlorpyrifos 
degradation in soil slurry medium He detected the chlorpyrifos residues in the soil samples 
by GC-ECD, and used niteogen as carrier gas. RCC-2 monoculture showed highest 
efficiency among other monocultures, with 20, 37, 54 and 77 % degradation of chlorpyrifos 
after 5, 10, 15 and 30 days incubation, respectively. Oh the other hand the mixed cultures of 
GCC134 showed 24, 38, 56 and 85 % chlorpyrifos degradation within 5, 10, 15 and 30 days 
of incubation, respectively. 
Gao et al. (2012) reported the degradation of chlorpyrifos by the novel chlorpyrifos 
hydrolase by the strain Cladosporium cladosporioides Hu-01 and detected its residues by 
HPLC. However Chen et al. (2012) determined the presence of accumulated metabolite TCP 
OPH. Fungal mycelial filtrates were collected after six days and were analyzed by GC-MS. 
The mycelial cultures were filtered through 0.45 µm membrane and injected to the column. 
Total scan was performed at 30-500 nm where the carrier gas used was helium. Two peaks at 
the retention times 15.13 and 9.1 minutes represented the accumulation of both metabolites. 
Biodegradation study of 500 mg L-1 chlorpyrifos was performed by Barathidasan and Reetha 
(2013) by the newly isolated Brevibacillus sp. They determined the chlorpyrifos and its 
metabolites, chlorpyrifos oxon and diethyl thiophosphate by liquid chromatography-masss 
spectroscopy (LC-MS).  The detection was carried out by UV detector, by using acetonitrile 
and water as mobile phase. 
Bakiamoh et al. (1999) developed a method for the extraction of chlorpyrifos and its 
primary degradation product TCP from garden compost. They reported optimum results for 
air dried samples which contained 4-7% moisture level. They reported that sample cleanup 
was not required prior to analysis by GC-flame ionization detector. The effects of ageing and 
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moisture contents were studied for the recovery of chlorpyrifos.  It was observed that there 
were no negative effets on the recovery of chlorpyrifos upto 20 % moisture level. While 
decreased efficiency of extraction over time with 52 % recovery was observed after 10 days 
of ageing. Martinez et al. (2004) identified the contents of chlorpyrifos in srum and gastric 
samples by GC-FID/GC-MS. They reported the mild ingestion of chlorpyrifos by oral route 
for the suicidal attempt. By GC-FID and GC-MS, they detected 5.3 and 9.4 μg mL-1 
chlorpyrifos contents in serum and gastric samples, respectively.  
HPLC has been previously used for the detection of chlorpyrifos from soil, water, 
oranges, and sunflower seeds. The technique has been proved to be sensitive and effecienmt 
for the detection of chlorpyrifos contents. Bogus et al. (1999) utilized HPLC for the detection 
of residues of chlorpyrifos in water. They used methanol and water (82:18) as mobile phase, 
with a UV detector at 230 nm, and recovered 93.7% chlorpyrifos residues from water. 
Mauldin et al. (2006) utilized simple HPLC method for the determination of chlorpyrifos 
residues in black oil sunflower seeds. They used 0.5-500 µg g-1 chlorpyrifos for the 
fortification of the extracts from seeds. The extracts were than filtered and analyzed by 
reverse phase HPLC with UV detection at 230 nm. 
 
2.11. Conclusion  
Of the most utilized pesticides, chlorpyrifos has been a widely used insecticide for the 
agricultural and home settings as insect killer. The insecticide has been reported to reach to 
an alarming level in the areas near the consistant spray/use. So, scientists focused on the 
popular method of biodegradation for the detoxification of chlorpyrifos from the 
environment (soil, water, natural and processed food). After the discussion on the literature 
reported for the degradation of organophosphorus compounds, it was observed that there 
have been several reports on the degradation of chlorpyrifos by wide variety microbial 
strains. It was reported that the chlorpyrifos degrading bacterial and fungal strains were 
identified through biochemical tests and molecular methods. Such strains have been 
employed for the degradation of a wide variety of organpphosphorus insecticide compounds, 
with greater frequency. Because the bioremediation of the insencticidal residues are 
environment friendly and cost effective, thus have been of interest of scientists for a long 
time period. Aside from the long list of work on the degradation of chlorpyrifos by microbial 
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strains, the literature lacks enough information on the degradation of chlorpyrifos by the 
enzyme OPH, which has a key role for degradation of chlorpyrifos by these microbial cell 
factories.  
There have been many reports on the production, optimization and characterization of 
OPH from the bacterial and fungal strains. But these papers donot describe the enhanced 
production of the enzyme by the strain improvement of the microbes through the economical 
methods of physical and chemical mutagenesis. On the basis of the searched literature, it was 
found that enhanced production of organophosphate hydorlase by the physical or chemical 
mutagenesis of bacterial or fungal strain has never been performed. So, the present work is 
novel for the mutagenesis and selection of mutant derived strains of chlorpyrifos degrading 
bacterial strain Brevibacillus parabrevis for enhanced production of OPH. 
The degradation studies involving the detection of chlorpyrifos residues in soil and 
water were performed by some researchers, where they describe different techniques for the 
detection of chlorpyrifos residues. The most reported techniques were HPLC and GC, which 
are again the expensive methods for the analysis. In conclusion, the research work is 
designed to produce the mutant derived strains for the enhanced production of OPH enzyme. 
The degradation of the chlopyrifos was studied in soil and water samples; while the 
hyperproduced enzyme can be utilized for the better, sensitive, and cost effective detection of 
chlorpyrifos in biological and non-biological samples. 
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Chapter # 3 
MATERIALS AND METHODS 
 
3.1. Isolation of bacterial strain 
The soil samples heavily sprayed by chlorpyrifos were collected from different areas 
of District Faisalabad. Chlorpyrifos contaminated soil 10 g was diluted in 100 mL distilled 
water, and supplemented with 50 mg L-1chlorpyrifos in 250 mL Erlenmere flasks. The 
dilutions were incubated in rotary shaker at 37 °C for seven days. Dilutions were inoculated 
on LB agar medium supplemented with chlorpyrifos and incubated for 24 h at 30-35 °C 
(Rani et al., 2008; Chaudhary et al., 1988). Purified bacterial colonies were obtained by 
subsequently repeated streaking of the first culture on agar medium supplemented with 
chlorpyrifos.   
Axenic strain was subjected to morphological and biochemical studies, (Vos et al., 
2009). The final purified bacterial culture was maintained on LB agar medium [Appendix 1], 
without supplementation of the antibiotic, as the antibiotic ampicilline selectively allows the 
antibiotic resistant bacterial cells, while it restricts the growth of undesired microbial cells. 
The organophosphate degrading strain was subjected to biochemical tests according to 
Bergey’s manual of determinative bacteriology. 
 
3.2. Biochemical identificaiton 
3.2.1. Gram staining 
The Grams staining and catalase test was performed after each isolation and screening 
step for the identification of gram negative and catalase positive bacterial strains. The 
Staining was performed by the standard method using grams stain and safranin counterstain. 
 
3.2.2. Microscopic examination 
The morphology of the bacteria was observed under microscope at 5 to 40X (Forbes 
et al., 2002).   
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3.2.3. Catalase test 
For catalase test, a solution of 3% H2O2 was applied on the microorganism on the 
slide, and observed for the release of oxygen bubbles (Goto et al., 2004). 
 
3.2.4. Oxidase test 
Oxidase test was performed by using filter paper test method. Kovacs oxidase test 
reagent i.e. tetra-methyl-p-phenylenediamine dichloride (TMPD) was used in 1% 
concentration as an artificial electron donor. A volume of 0.5 mL of the TMPD was 
introduced on the bacterial culture on filter paper and agar plate and change in color of 
colonies was observed within 1 minute (Lui and Jurshuk, 1986).  
 
3.2.5. Oxidative fermentation test 
Oxidative fermentation of glucose was observed by inoculating the bacterial cells to 
the test tube containing the Hugh and Leifson’s basal medium [Appendix 2] (Nurhidayu et 
al., 2012; Winn et al., 2006). 
 
3.3. Spectrophotometric analysis for chlorpyrifos degradation 
The selected bacterial isolate was tested for the degradation of chlorpyrifos. For 
degradation, the bacterial strain was cultured on Luria Bertani (LB) medium supplemented 
with chlorpyrifos having 97 % purity. The crude extract of the bacterial culture was prepared 
by filtration (Whatman Filter paper No.1), and centrifugation at 10,000 rpm for 15 minutes. 
The crude extract was analyzed for the degradation of chlorpyrifos (Reaction mix = 
chlorpyrifos (0.2 mM) 50 µL; Tris HCl 100 mM 900 µL[Appendix 3]; Crude enzyme extract 
50 µL), by noting the absorbance at 290 nm. The decrease in absorbance by degradation of 
chlorpyrifos was observed for 5 minutes. The standard was prepared using standard bacterial 
stain Agrobacterium radiobacter P230. The change in optical density was compared to 
standard strain (A. radiobacter P230). 
 
3.4. Agar plate well test for OPH production by newly isolated strain 
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LB agar plates (agar 2%) supplemented with 0.75 mM chlorpyrifos and 10 µM CoCl2 
were prepared [Appendix 4] (Cho et al., 2004).  Small wells of equal size were made in agar 
plates. Purified strains were dissolved in citrate phosphate buffer pH 8.0 and an amount of 
100 µL was introduced inside the wells. The plates were incubated at 37 oC and clearance 
zones formation was observed after 20 h of incubation. The assay was performed for new 
bacterial isolate and standard strain (A. radiobacter P230) along with negative control. 
 
3.5. Enzyme assay for OPH  
The enzyme suspension was subjected to analysis by suspending its 0.1 mL in 0.9 mL 
CHES buffer (50 mM) pH 9.0, containing 0.2 mM chlorpyrifos as substrate, 10 % methanol, 
2.5 % polyethylene glycol (PEG) 8000, 0.1% polyoxyethylene-10-laurylether [Appendix 5]. 
The reaction mixture was incubated at 37 °C for 5 minutes and noted the absorbance for 
hydrolysis of chlorpyrifos at 276 nm; (where ε276=2,790 M-1cm-1 for chlorpyrifos). The blank 
reaction mixture contained 0.1 mL water instead of enzyme suspension. The optical density 
was used to calculate the enzyme activity (Cho et al., 2004). 
 
3.6. Determination of protein contents 
Concentrations of Bovine serum albumin (BSA) were prepared 0.1, 0.2, 0.3, 0.4, 0.5 
mg mL-1, respectively. 0.5 mL. An amount of 0.25 mL protein dilution was added with 
2.5mL Bradford reagent [Appendix 6] and incubated for 5 minutes. Optical density was 
noted on spectrophotometer at 595 nm. Using optical density, standard curve was formulated 
and standard factor was calculated. Protein assay for isolated suspension of the enzyme was 
performed similarly and mg mL-1 of protein was determined using standard factor (Cho et al., 
2002; Bradford, 1976). 
 
3.7. Molecular identification by 16S rRNA sequencing 
To determine the sequence of 16S rRNA gene, the bacterial DNA was used for gene 
amplification. The bacterial DNA was isolated by the method of Pospeich and Neuman 
(1995). The details on solutions preparation are presented in Appendix 7. 
The inoculum (18 h culture) 200 mL was centrifuged at 10,000 rpm for 15 minutes in 
microcentrifuge machine and pellet was collected in a microcentrifuge tube.  To the pellet, 
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added 0.5 mL of 1X SSC buffer and centrifuged at 10,000 rpm for 15 minutes. Equal amount 
of lysozyme-sucrose buffer was added to the tube and incubated for 45 minutes at 37 °C. 
After incubation, 0.9 mL of lysozyme buffer containing 4 µL of proteinase K was added to 
the tube. The mixture was incubated at 37 °C for 30 minutes. After second incubation, the 
reaction vessel was added with equal volume of phenol, chloroform and isoamyl alcohol 
mixture (phenol: chloroform: isoamyl alcohol = 12.5:12:0.5). For the removal of proteins 
from the reaction suspension, it was centrifuged for 5 minutes at 4 °C. The upper clear layer 
of the supernatant was saved in new tube and repeated the process for maximum removal of 
cloudy contaminations.  
Final clean suspension was subjected to ethanol purification after adding sodium 
acetate solution (1/10 volume) and 100% chilled ethanol (2.5 volume). The suspension was 
kept at -20 °C temperature for 24 h, and centrifuged for 5 minutes at 4 °C. The pellet was 
washed and resuspended in 50 µL of 75% ethanol. Final centrifugation was performed for 
ethanol wash and sediments were added with 100 µL of T.E. buffer. The extracted DNA was 
stored at 4 °C till further analysis.  
 
3.7.1. Agarose gel electrophoresis 
The extracted DNA sample was run on 0.8% agarose gel electrophoresis after adding 
6X loading dye. Gene ruler (1kb, Fermentas) was run alongwith samples Gel was stained 
using ethidium bromide solution and observed in Gel documentation system for DNA bands. 
 
3.7.2. 16S rRNA gene isolation and sequence analysis 
The isolated genomic DNA was used for the isolation of 16S rRNA gene of the 
bacterium. Universal primers (Forward 5ʹ-AGAGTTTGATCATGGCTCAG; Reverse 5ʹ-
GGTTACCTTGTTACGACTT) were used to amplify the 16S rRNA gene (Sorokulova et al., 
2003). The ingredients and conditions for PCR reaction are presented in Appendix 9. The 
thermocycler machine used for the polymerase chain reaction (PCR) is shown in Fig.3.1. The 
16S rRNA product obtgained after polymerase chain reaction was subjected to agarose (1%) 
gel electrophoresis as discussed earlier in section 3.7.1. The electric supply was set at 70 V 
for 30 minutes and analyzed on gel documentation system. 
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Fig. 3.1. Thermocycler: Running of polymerase chain reaction 
 
3.7.3. Purification of PCR product 
The bands of PCR product obtained after agarose gel electrophoresis were cut by 
sterilized blade and transferred to microcentrifuge tube. FavorPrep gel purification mini kit 
was used for the 16S rRNA gene purification. Gel slice of 200 mg was transferred to 1.5 mL 
micro-centrifuge tube (Fig. 3.2). Added 600 µL of FAGP buffer and mixed by vortexing. The 
gel was incubated at 55 °C for 10-15 minutes on dry bath and mixed by vortexing after 3 
minutes interval, unless the gel was completely dissolved. The sample was cooled to room 
temperature and transferred to FAGP column. Centrifuged the sample and discarded the 
effluent. To the column, added 750 µL wash buffer (ethanol added) and centrifuged for 1 
minute. The flow through was discarded and centrifuged for additional 3 minutes. The FAGP 
column was placed in elution tube and added with 40 µL elution buffer at the center of the 
column. The column was let stand for 2 minutes, than centrifuged for 1 minute. The elution 
containing purified PCR product was analyzed by agarose gel electrophoresis (section 3.7.1). 
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Fig. 3.2.  FavorPrep gel purification column (FAVORGEN Biotech. Coorp.) 
 
3.7.4. Sequencing of gene and phylogenetic analysis 
The purified 16S rRNA gene was sent to MacroGen Korea for sequencing. The data 
obtained after sequencing was analyzed and submitted to BLAST (NCBI) and obtained 
accession number. The phylogenetic tree was constructed using MEGA6 software.  
 
3.7.5. Final confirmatory test for the bacterial strain 
 The bacterial strain was biochemically tested for the confirmation according to 
bergey’s manual of determinative bacteriology (Vos et al., 2009; Edward and Sudden 2001). 
The LB agar medium was supplemented with 0.5 mg mL-1 tyrosin, while tyrosin was added 
to the medium after sterilization at 121°C for 15 minutes at 15 lbs. The cells were inoculated 
on the solidified agar medium and noted for the formation of clearance zones of tyrosin 
hydrolysis after 24 h incubation.  
 
3.8. Mutagenesis of the new bacterial isolate 
The isolated bacterial strain was subjected to physical and chemical mutagenesis by 
ultraviolet irradiation and ethidium bromide respectively. Ultraviolet irradiation causes the 
strands breaks and cross linking of adjacent thymines forming thymine dimers, that results in 
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abnormal replication, strands buckling, point mutations, deletions, chromosomal re-
arrangements.  
 
3.8.1. Physical mutagenesis 
Inoculum for chlorpyrifos degrading isolate was prepared using nutrient agar. Twenty 
four hour culture of bacterial isolate was subjected to ultraviolet irradiation UV-(lamp: type 
A-409) at distance of 5 cm (Fig. 3.3). The UV irradiation of cells was performed for a wide 
range of time 0-360 minutes, with an interval of 45 minutes along with control (not exposed). 
After UV light exposure, the cells were diluted to 200 folds using sterilized water and 
inoculated on LB agar plates (supplemented with 0.75 mM chlorpyrifos). 
Triplicate agar plates for each exposure time were kept in dark room at 37°C for 36 h, 
for the colonies formation. Additionally all the experiments were performed in strict aseptic 
conditions to avoid contamination. The prelimimary selection of the bacterial cells was 
performed by formulating the kill curve for the cells. The cells on the plates for 0, 45, 90, 
135, 180, 225, 270, 315 and 360 minutes were counted to calculate the colony forming units 
for each exposure time (Sharma and Singh, 2012). 
 
3.8.2. Chemical mutagenesis 
Ethidium bromide was added in inoculums to make final concentration of 0.5 mg mL-
1 (Figure 3.4 part a). The cells 1×10-7 mL-1 were incubated at 37 °C in ethidium bromide 
solution for 15, 30, 45, 60, 75, 90, 120 minutes, along with control (not exposed). To remove 
the mutagen cells were washed thrice by centrifugation at 10,000 rpm for 15 minutes, using 
sterilized dH2O (Meraj et al., 2012). Cells were diluted to 200 folds and spread out onto LB 
agar plates supplemented with 0.75 mM chlorpyrifos. The colonies formation was observed 
after 36-48 h incubation at 37 °C. Section (b) in Fig. 3.4 shows the cell pellet after treatment 
with ethidium bromide. 
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Fig. 3.3 Exposure of liquid culture of newly isolated bacterial strain to UV irradiation 
 
 
(a)                                                           (b) 
Fig. 3.4. Mutagenesis of the new bacterial isolate by ethidium bromide  
(a) Solution of ethidium bromide (0.5 mg/mL) 
(b) Ethidium bromide stained small pellet can be observed at the bottom of the tube  
 
3.8.3. Screening and selection of mutant derived strains 
The selection of optimum dose for UV irradiation and ethidium bromide exposure 
was performed by formulating 3-log kill curve. The colonies on the plates were counted and 
calculated colony forming units by using the formula  
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ln CFU mL−1 =
Number of colonies on agar plate
amount plated (100 µL)
×
1
dilution factor
 
 
Out of several bacterial colonies, the colonies with best growth on agar plates 
(chlorpyrifos, 0.75 mM) with optimum dose were selected on the basis of 3-log kill curve.  
 
3.8.3.1. Screening by colony restrictor 
The best colonies were subjected to further screening by colony restrictor and 
selective marker. The screening of positive mutant derived cells was performed by using 
0.1% triton-x-100 (Meraj et al., 2012). 
 
3.8.3.2. Screening by selective marker 
 3,5,6-trichloro-2-pyridinol (TCP), the metabolic product of chlorpyrifos has been 
reported for its strong inhibitory effects on bacterial cells especially against those with ability 
to degrade chlorpyrifos. Thus the bacterial colonies were subjected to LB agar medium 
supplemented with 100 mg L-1 of TCP, and the superior mutant derived cells observed after 
24 h incubation. (Sharma and Singh, 2012; Yang et al., 2005).  
 
3.8.3.3. Agar plate zone test for selection of mutant derived strains after physical and 
chemical mutagenesis 
The colonies after TCP screening were further subjected to a final test for OPH based 
degradation of chlorpyrifos. Colonies were streaked on LB agar supplemented with 0.75 mM 
chlorpyrifos (Sigma Adrich). Zones formation for the hydrolysos of chlorpyrifos was 
observed after 36-48 h of incubation at 35-37 °C, for parental and mutant derived strains. The 
colonies forming the zones were dissolved in buffer, filtered and subjected to 
spectrophotometric assay for OPH, according to Cho et al. 2004. The filtrates for parental 
and mutant derived strains were resuspended in 1 mL CHES buffer (50 mM; pH 9) 
containing 0.2 mM chlorpyrifos (Ԑ276nm = 2790 M-1 cm-1) as substrate, 10% methanol, 2.5% 
polyethylene glycol 8000, and 0.1% polyoxyethylene 10 lauryl ether, in 1.5 mL cuvettes. 
Optical density for parental and mutant derived strains was observed for 5 minutes at 276 
nm.  
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3.9. Production of OPH 
3.9.1. Process optimization 
3.9.1.1. Effect of various carbon and nitrogen sourcecs on the production of OPH by 
parental and mutant derived strains 
For optimization of the conditions for the enhanced production of OPH by parental 
and mutant derived strains, the preliminary tests for the effect of carbon and nitrogen sources 
were performed to obtain the best carbon and nitrogen source. In this regard, five carbon 
sources (glucose, sucrose, starch, maltose, lactose) and nitrogen sources (yeast extract, 
potassium nitrate, sodium nitrate, peptone and ammonium nitrate) were studied at the levels 
of 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1 %. The enzyme extracts obtained were analyzed for 
OPH activity by the method mentioned in section (3.5). For data analysis, the statistical 
analysis was performed by using two factorial CRD. The best carbon and nitrogen sources 
were finally utilized for the optimization of levels by Response Surface Methodology (RSM) 
(Vijayalakshmi and Usha, 2012). 
 
3.9.1.2. Optimization of conditions by Response Surface Methodology (RSM) 
 The bacterial cells (parental and mutant derived) subjected to process optimization for 
optimized production of OPH. Response surface methodology was employed for the analysis 
of optimization medium. Six parameters (pH, temperature, incubation time, carbon source, 
nitrogen source, and pesticide concentration %) were selected for optimization. The levels for 
the design of RSM are shown in table 3.1. 
A quadratic polynomial desigh was prepared for the process optimization of OPH 
production using parental and mutant derived strains of new bacterial isolate. The design 
expert  9 was used to formulate the response surface design for the process optimization of 
OPH. Six factors with three models were tested in 54 runs (Table 3.2). The factors were pH, 
temperature, incubation time (h), carbon source %, nitrogen source %, and pesticide 
concentration %. All the six factors were coded as A, B, C, D, E, and F, respectively. All the 
experiments were run in triplicates to minimize the errors. 
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Table 3.1. High, Low and intermediate levels of all six factors for RSM design 
Factor Name Intermediate 
level 
Low level High level 
A pH 7.00 4.00 10.00 
B Temperature (°C) 52.50 25.00 80.00 
C Incubation time (h) 40.50 9.00 72.00 
D Carbon source (%) 0.050 0.000 0.100 
E Nitrogen source (%) 0.050 0.000 0.100 
F Pesticide concentration (%) 6.00 2.00 10.00 
 
 
Table 3.2. RSM design for the optimization of six process variables for the enhanced 
production of OPH 
Run #. pH Temperature 
ºC 
Incubation 
time (h) 
Carbon 
source 
(%) 
Nitrogen 
source 
(%) 
Pesticide 
Concentrat
ion (%) 
1 10 52.5 72 0.05 0.05 10 
2 4 25 40.5 0 0.05 6 
3 7 52.5 9 0 0.05 2 
4 7 52.5 72 0.1 0.05 10 
5 4 52.5 72 0.05 0.05 10 
6 10 52.5 40.5 0 0.1 6 
7 7 25 40.5 0.05 0.1 10 
8 7 80 72 0.05 0 6 
9 7 25 9 0.05 0 6 
10 10 52.5 9 0.05 0.05 2 
11 7 80 72 0.05 0.1 6 
12 10 52.5 40.5 0 0 6 
13 7 52.5 40.5 0.05 0.05 6 
14 4 52.5 40.5 0.1 0 6 
15 4 52.5 9 0.05 0.05 2 
16 10 80 40.5 0.1 0.05 6 
17 4 52.5 40.5 0 0.1 6 
18 7 52.5 40.5 0.05 0.05 6 
19 10 25 40.5 0 0.05 6 
20 4 80 40.5 0.1 0.05 6 
21 4 80 40.5 0 0.05 6 
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22 10 52.5 72 0.05 0.05 2 
23 7 80 40.5 0.05 0 2 
24 4 52.5 72 0.05 0.05 2 
25 7 25 9 0.05 0.1 6 
26 7 52.5 40.5 0.05 0.05 6 
27 4 52.5 40.5 0 0 6 
28 7 25 40.5 0.05 0.1 2 
29 7 52.5 40.5 0.05 0.05 6 
30 4 52.5 40.5 0.1 0.1 6 
31 7 25 40.5 0.05 0 10 
32 4 25 40.5 0.1 0.05 6 
33 7 25 40.5 0.05 0 2 
34 10 52.5 9 0.05 0.05 10 
35 7 80 40.5 0.05 0.1 10 
36 7 25 72 0.05 0.1 6 
37 7 80 9 0.05 0 6 
38 10 52.5 40.5 0.1 0 6 
39 7 52.5 40.5 0.05 0.05 6 
40 7 80 40.5 0.05 0 10 
41 7 52.5 72 0.1 0.05 2 
42 7 80 9 0.05 0.1 6 
43 7 52.5 72 0 0.05 2 
44 7 52.5 9 0.1 0.05 10 
45 7 80 40.5 0.05 0.1 2 
46 7 25 72 0.05 0 6 
47 7 52.5 9 0.1 0.05 2 
48 10 80 40.5 0 0.05 6 
49 10 25 40.5 0.1 0.05 6 
50 7 52.5 40.5 0.05 0.05 6 
51 10 52.5 40.5 0.1 0.1 6 
52 4 52.5 9 0.05 0.05 10 
53 7 52.5 9 0 0.05 10 
54 7 52.5 72 0 0.05 10 
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3.9.2. Final production of OPH 
 Final production of the enzyme was performed using the final optimized medium for 
the enhanced production of the enzyme using parental and mutant derived strains. The 
production of the enzyme was performed in liquid state shake flask method in triplicate. The 
enzyme was extracted by filtration of crude extract using Whatman filter paper No 1 and 
centrifugation at 10,000 rpm at 4 °C. Crude extract of OPH (0.3 L) was utilized for the 
purification by salting out and chromatographic techniques. 
 
3.10. Purification of OPH 
 The enzyme produced by parental and mutnt derived stgrains by using the optimized 
medium contents was extracted and purified by ammonium sulfate precipitation, ion 
exchange and gel filtration chromatography. 
 
3.10.1. Ammonium sulfate precipitation 
3.10.1.1. Salting in of proteins 
 The crude extract obtained after final production of OPH by using optimized medium 
contents was used for purification. Ammonium sulfate was added to the crude enzyme 
suspension to get the 30% saturation. The suspension was incubated at 4 °C for 4 hours and 
centrifuged at 4 ° C and 10,000 rpm for 15 minutes (Gao et al., 2012). 
 
3.10.1.2. Salting out of the enzyme 
 The supernatant was added with additional amount of ammonium sulfate to achieve 
50 % saturation. After overnight incubation at 4 °C, the suspension was centrifuged at 10,000 
rpm for 15 minutes at 4 °C. Sediments were dissolved in buffer (Tris-HCl; pH 8.0) and 
subjected to dialysis. 
 
3.10.1.3. Dialysis of OPH 
 Dialysis was performed against tris-HCl buffer pH 8 for 4 hours. The buffer was 
continuously mixed with magnetic stirrer at constant speed. Buffer solution was changed 
thrice to ensure the maximum removal of salt from protein. The dialyzed enzyme was saved 
at 4°C for the enzyme and protein analysis (Ninfeng et al., 2004). 
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3.10.2. Ion exchange chromatography 
 Partially purified OPH enzymes obtained from patental and mutant derived strains of 
bacterial isolate were subjected to ion exchange chromatography for further purification 
(Rowland et al., 1991; Dumas et al., 1989). 
 
3.10.2.1. Column preparation 
 The desalted enzyme was subjected to DEAE-cellulose column (Fig. 3.5, section a). 
The resin was prepared by suspending 0.5 g DEAE-cellulose in tris-HCl buffer 50 mL. Resin 
was heated at 95 °C for 4 h on water-bath. After cooling to room temperature, the resin was 
transferred to glass column and let stand for overnight.  
 
3.10.2.2. Washing of DEAE-cellulose column 
 DEAE-cellulose column was first washed with base by the introduction of 50 mL of 
0.5M NaOH in the glass column [Appendix 10]. The base was eluted by the application of 
distilled water (pH 7), unless the pH of the elution was equal to the pH of water. After 
washing with base, the column was added with 50 mL of 0.5M HCl solution. The acid was 
also eluted by using distilled water (pH 7) unless the pH of the outlet was 7.  
 
3.10.2.3. Equilibration of the column 
 Tris-HCl buffer pH 8, was utilized for the final equiliberation of the column. The 
buffer was passed from the column, unless the pH of the inlet and outlet was same.   
 
3.10.2.4. Application of the sample 
 An amount of 0.5 mL was introduced on the top of column (25×2 cm; l×w). Fifty 
fractions (2 mL) were collected after introducing the buffer of variable pH 6, 7, 8, 9 and 10. 
The elations were analyzed for enzyme activity and protein contents, for final calculation of 
specific activity. 
 
3.10.3. Gel filtration chromatography 
 The gel filtration column was prepared by adding 1g of sephadex G-75 in buffer 
(Tris-HCl pH 8). The method of treatment of the column was same as mentioned in section 
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3.10.2.1. The slurry was carefully transferred to the glass column and let stand overnight 
before use (Fig. 3.5 section b) (Serdar and Murdock, 1990; Dumas et al., 1989). 
 
3.10.3.1. Equilibration of the column 
 Tris HCl buffer (pH 8) was passed therough the column, unless the pH of inlet and 
outlet was same.  
 
3.10.3.2. Application of sample 
 After setting of column, 0.5 mL of enzyme suspension, having highest specific 
activity after ion exchange chromatography was introduced on the top of the column (Figure 
3.5, section b). A total of 25 fractions each having 2 mL elution were collected and analyzed 
for enzyme activity and protein contents. 
(a)  (b) 
Fig. 3.5. Purification by ion exchange and gel filtration chromatography 
Section (a) Column used for ion exchange, Section (b) column used for gel filtration chromatography  
 
 
 
74 
 
3.11.  SDS-PAGE 
 Sodium dodicyl sulfate-polyacryamide gel electrophoresis was used to estimate the 
purification and molecular weight of the OPH enzymes from parental and mutant derived 
strains of bacterial isolate (Gao et al., 2012; Laemmli, 1970). The assembly used for SDS-
PAGE of purified enzyme suspensions is shown in Fig. 3.6. The solutions prepared for SDS-
PAGE are mentioned in Appendix 11, while the compositions of resolving and stacking gels 
are mentioned in Appendix 12. 
 
 
Fig.  3.6. Assembly used for SDS-PAGE 
 
3.11.1. Running  
 To 20 µL of enzyme sample was added to equal amount of loading dye. The mixture 
was heated in water bath at 95 °C for 5 minutes and loaded on the top of the gel. The marker 
protein low range 6500-66000 Da was utilized against test protein. The gel was run at 120 V 
for 1 h and 30 minutes.  
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3.11.2. Fixing of band 
 Gel was carefully removed from plates and submerged in fixing solution (methanol: 
water: acetic acid= 50:45:10) for 30 minutes  
 
3.11.3. Staining of gel 
 Concentrated staining solution was prepared by using coomassie blue R250. Twelve 
grams of dye was dissolved in 300 ml methanol and mixed well. Acetic acid 60 mL was 
added to dye solution and stirred for mixing. The concentrated solution of the dye was used 
to prepare the working solution (Methanol + coomassie blue concentrated solution + water + 
acetic acid = 500 mL+ 30 mL+ 400 mL + 100 mL; filtered). The gel was stained in working 
solution for 30 minutes with constant low speed shaking.  
 
3.11.4. Destaining of gel  
 The gel was finally destained by using the destaining solution (acetic acid: water: 
methanol= 10:45:45) for 4 h, and saved in 5% acetic acid solution. 
 
3.12. Characterization of enzyme 
 The purified enzyme was subjected to kinetic and thermodynamic characterization 
(Gao et al., 2012; Park et al., 2008). 
 
3.12.1. Effect of pH 
 Purified OPH enzyme obtained from parental and mutant derived strains B. 
parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis SR2729-B, was subjected to 
change in pH. The pH values were selected were 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 
8.0, 8.5, 9.0, 9.5 and 10.0.  
 
3.12.2. Effect of temperature 
 The enzyme was subjected to change in temperature (20, 25, 30, 35, 40, 45, 50, 55, 
60, 65, 70, 75 and 80). Enzyme analysis was performed to find out the temperature for the 
optimum activity of the enzyme (Hiblot et al., 2012). 
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3.12.3. Effect of substrate concentration  
 The activity of enzyme was tested on a range of substrate concentration (0.00, 0.1, 
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1mM). Enzyme activity was determined as mentioned 
in section 3.5. Kinetic constants Km, Kcat, Ks and Vmax were determined by plotting 
Lineweaver Burk plot (Cho et al., 2006). 
 
3.12.4. Irreversible thermal denaturation test 
 The enzyme was subjected to temperature values ranging from 20-80°C for 0, 10, 20, 
30, 40, 50 and 60 minutes. After incubation at given temperature for specific time, enzyme 
was placed in ice immediately and noted the activity. The change in activity of the enzyme 
was used to plot the graph for thermal denaturation of the enzyme. The change in free energy 
of thermal denaturation, change in enthalpy and entropy of denaturation and half life of OPH 
from parental and mutant derived strains were examined (Das and Singh, 2006). 
 
3.13. Degradation of Chlorpyrifos 
3.13.1. Production of enzyme 
 The inoculums for bacterial strains were incubated in rotary shaker for 24 h at 37 °C. 
The production of OPH was performed at optimized process conditions for parental and 
mutant derived strain for final application on chlorpyrifos contaminated soil and water 
samples. 
 
3.13.2. Degradation of chlorpyrifos in soil 
3.13.2.1. Preparation of soil 
 Soil samples were collected from University of Agriculture, Faisalabad, from the 
area, with long history of non-treatment with any pesticide. The soil sample was air dried and 
passed through the sieve of 0.5 mm. Fine, and clean soil sample was sterilized at 121 °C, 
15lb, for 15 minutes. Sterile soil sample was transferred to three, 100 mL conical flasks (10 g 
in each). Chlorpyrifos was added to the soil to obtain final concentration of 100 mg kg-1, in 
each flask.  
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3.13.2.2. Soil extraction of chlorpyrifos  
 Soxhlet apparatus was washed with n-hexane to remove any contaminations where 
final wash was done with ethanol (HPLC grade). Soil samples were introduced to Soxhlet 
apparatus sample chamber, after complete removal of moisture contents in oven. In the round 
bottomed flask of Soxhlet apparatus, added 150 mL HPLC grade methanol, and fixed the 
parts with wax. The temperature was raised upto 50 °C and water supply was started. The 
methanol solvent was allowed to run through the soil samples for 3 times. The assembly of 
soxhlet apparatus is shown in Fig. 3.7. The extract was finally placed at room temperature to 
evaporate methanol, and finally, 1mL extract was collected in sterilized eppendrof tubes (Wu 
et al., 2011). 
 
Figure 3.7. Soxhlet apparatus-extraction of soil chlorpyrifos residues using methanol as 
solvent 
 
3.13.2.3. Analysis of chlorpyrifos residues from soil  
 The residues of chlorpyrifos in soil extracts were quantitatively determined by Gas 
chromatograph-Electron Capture Detector (GC-ECD). The test solutions of chlorpyrifos 
along with standard were diluted in ethyl acetate, and volume was made upto 5 mL. The 
analysis was carried out using Varian CP-3800 series gas chromatograp, equipped with 
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electron capture detector (GC-ECD). The column used was DB-5MS (30 × 0.25 mm), with 
film thickness of 0.25 μm. The samples (0.5μL) were injected by syring method, through a 
rubber septum into the column. The temperature of the column was 50 °C, where electron 
capture detector (ECD) and injector temperatures were 300 and 280 °C, respectively. Oven 
temperature was programmed from 50-205°C at 30°C per minute, where initial hold time at 
50°C was one minute, unless the temperature reached 205°C.  
 The hold time for temperature range of 205-240°C was 2 minutes. Helium was used 
as carrier gas at the rate of 6 mL per minute. The data was collected for the retention time of 
0-50 minutes, where the elution rate was 6 mL min-1. Galaxy software was used for the 
automatic detection and analysis of the sample. The residues of chlorpyrifos obtained after 
the detection were used to determine the percent degradation by OPH from parental and 
mutanat derived strains of newly isolated bacterial strain (Chandra et al., 2010; Shareef and 
Zaman, 2009). 
 
3.13.3. Degradation of chlorpyrifos in water 
3.13.3.1. Preparation of sample  
 Stock solution of chlorpyrifos was prepared in methanol (HPLC grade) and stored in 
glass stoppered conical flask (100 mL). The stoch solution was diluted in distilled water (pH 
6.8) to obtain a final concentration of 100 mg L-1 (25 mL in 100 mL conical flasks) in a total 
of three flasks. The enzyme OPH (200 mg L-1) from parental and mutant derived straisn was 
added to separate flasks, aseptically and incubated at 37°C for 10 days. After 10 days of 
incubation, the samples were centrifuged at 13,000 rpm for 15 minutes and 2 folds diluted in 
HPLC grade methanol. For the final analysis by HPLC, the samples were filtered through 
0.45 μm filter prior to application (Bogus et al., 1999). 
 
3.13.3.2. High Performance Liquid Chromatography 
 Analysis of OPH treated water samples was carried out using HPLC (model: Sykam 
S-1122) by using thermo hypersil-kegstone C-18 column (250×4.6 mm; l×w). The carrier 
was helium at the pressure of 5 psi, while the sample was injected by syringe. The mobile 
phase contained methanol and water (80:20 v/v) (Alberti et al., 2012). Chlorpyrifos residues 
were detected at 290 nm by UV-visible detector (model: Sykam-S3210). The conditions of 
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HPLC and analysis were similar for all the OPH treated water samples. The quantity of 
residual chlorpyrifos was determined by the formumla 
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑘𝑛𝑜𝑤𝑛/𝑠𝑎𝑚𝑝𝑙𝑒
Area of unknown/sample
=
Concentration of known/standard
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑘𝑛𝑜𝑤𝑛/𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 
 
Statistical Analysis 
 The Two factorial completely randomized design (CRD) was used to pre-optimize 
different carbon and nitrogen sources. Final optimization of parameters for the enhanced 
production of organophosphate hydrolase was performed by using Response surface 
methodology, which is a significant statistical technique (Section 3.9.1).  
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Chapter # 4  
RESULTS AND DISCUSSION 
 
4.1. Isolation and identification of chlorpyrifos degrading strain 
 The enzyme was originally isolated from Pseudomonas diminuta, and 
Flavobacterium sp. inhabiting the soils contaminated by organophosphate insecticides. On 
the basis of this knowledge the chlorpyrifos degrading strain was isolated and purified from 
soils, heavily sprayed with chlorpyrifos. Purified growth of the bacterial culture is shown in 
Fig. 4.1. The bacterial culture showed cream colored colonies with glossy appearance on LB 
agar medium after 24 h of culture. Baek et al. (2006) isolated the strain Brevibacillus 
ginsengisoli, from the field soil samples and reported the denitrifying properties of the 
bacterium. Hugon et al. (2013) isolated brevibacillus strain from the stool samples of female 
suffering from morbid obesity. Where they utilized M17 agar for the isolation of the 
bacterium, here the selective culturing of the bacterium based on its property of degrading 
the insecticide chlorpyrifos was performed. The selectively isolated culture was capable to 
grow on chlorpyrifos supplemented medium; where chlorpyrifos was from two sources that 
is (i) commercial scale 40% EC and (ii) 97% pure; purchased from Sigma Aldrich. Rani et al. 
(2008) reported the isolation of chlorpyrifos degrading bacterium from soil by using 50 mg 
L-1 chlorpyrifos, however, we used doubled concentration of chlorpyrifos (100 mg L-1) in 
agar medium to selectively enumerate the potential bacterial cells for chlorpyrifos 
degradation. The axenic culture of newly isolated bacterial strain was maintained on LB agar 
medium unless used for further identification. The new bacterial isolate was given a short 
name SR2729 for further discussion.  
 
4.1.1. Biochemical identification 
 The purified bacterial growth of SR2729 was obtained and maintained on agar 
medium were identified by morphological and biochemical tests. Gram staining, which was 
developed in 1884 by Christian Gram depends on differential retention of the Gram stain in 
cell envelope of the bacteria. The method still is of prime command in the bacterial 
taxonomy identification. Purified culture of SR2729 was observed under the microscope after 
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Gram staining. The isolate SR2729 showed mixed appearance of Gram positive and Gram 
negative cells with rod shape. Cells appearance under microscope at 100x power is presented 
in Fig. 4.2; while the old cultures of the bacteria showed the formation of endospores which 
is shown in Fig. 4.3. Thomas (2006) reported that isolated rod shaped bacterial species 
ARBG-1 Brevibacillus sp. was Gram negative. 
 
 
Fig. 4.1. Glossy appearance of purified bacterial culture SR2729 on LB agar medium 
supplemented with chlorpyrifos (analytical grade) 
 
 After microscopic examination, the bacterial cells were observed to be 0.9µm × 3µm 
in width and length. Kaplin and Arasaratnam (2010) reported the gram positive bacillus 
species, and observed endospores under oil immersion lens of microscope. Vos et al. (2009) 
reported the bacterium Brevibacillus parabrevis, to be 0.5-0.9 µm in width, and 2-4 µm 
length; while Hugon et al. (2013) reported Brevibacillus brevis with a cellular width of 0.5 
µm. The results were in agreement with Bergey’s manual which reported the gram variable 
bacteria Brevibacillus parabrevis strain to be 0.5-0.9 µm × 2-4 µm, with terminal ellipsoidal 
endospores formation.  
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 Bacterial isolate SR2729 was tested for the oxidase test using 1% tetra-methyl-p-
phenylenediamine dichloride solution, where the change in color of the bacterial cells was 
observed on petridish and filter paper (Fig. 4.4) The results were compared to control (E. coli 
cells), with negative oxidase test. The method was standardized by Kovacs, according to 
which, the color of the colonies must turn blue in time interval of 10 seconds (Jurtshuk and 
McQuitty, 1976). Hugon et al., (2013) reported oxidase positive, motile, aerobic and 
endospores forming brevibacillus stain. Kaplin and Arasaratnam, (2010) isolated the Bacillus 
species and observed negative oxidase test which indicates the absence of cytochrome 
oxidase enzyme. While the isolated strain SR2729 showed a strong oxidase positive test with 
quick change of cream color of colony to purple, due to oxidation of TMPD. The results were 
in accordance with Vos et al. (2009) for the strong oxidase positive test of the strain. The 
results supported the strain was more likely Brevibacillus sp.    
The fresh culture of the bacterium SR2729 was introduced to H2O2 solution drops 
(3%) on the clean glass slide. After the introduction of the bacterial culture, there was a quick 
formation of bubbles on the slide as shown in Fig. 4.5. The results are in accordance with 
Kim et al. (2009), who used hydrogen peroxide for catalase test for Brevibacillus species. 
Glucose oxidation test was observed as positive by the formation of layer of yellow color on 
the top of the un-covered test tube, containing Hugh and Leifson’s agar medium. The 
formation of yellowish color was observed on the top of the test tube inoculated with new 
bacterial isolate SR2729, while no change in color was observed in the tube inoculated with 
E. coli (a non oxidative fermentor of glucose). The results are shown in Fig. 4.6. The strain 
GS 17 by Kaplin and Arasaratnam (2010) was strict aerobe, and did not grow under 
anaerobic conditions. The strain SR2729 also showed growth in aerobic conditions, where no 
oil layer was present on the medium thus, significant change in color was observed in test 
tube uncovered by the oil.  
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Fig. 4.2. Microscopic examination of bacterial isolate SR2729 at 100x resolution  
 
Fig. 4.3. SR2729 cells, with formed endospores having variable Gram staining; the 
image was obtained under microscope (100x resolution; using oil immersion 
lens) 
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(a) 
 
(b) 
 
(c) 
Fig. 4.4.  Oxidase test for the bacterial isolate SR2729  
(a) application of the TMPD solution on the bacterial colonies on petridish, (b) The bacterial culture spread on the 
filter paper, pre-applied with TMPD solution, (c) control of E. coli with no change in color after application to TMPD 
treated filter paper. 
 
 
Fig. 4.5. Catalase test for the identification of the bacterial isolate SR2729 
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Fig. 4.6. Oxidative fermentation test for new bacterial isolate SR2729 
 
4.1.2 Molecular identification 
The isolated DNA was observed by agarose gel electrophoresis, using 1% agarose in 
TAE buffer. The results obtained are presented in Fig. 4.7. It has been reported that most of 
DNA isolation techniques are laborious, and variations in the efficiency of lysis may affect 
the yield and purity of the DNA and analytical processes like PCR. Enzyme based methods 
attack the cell surface components. Lysozyme digests the cell wall components and 
proteinase k cleaves the glycoproteins and inactivated RNase and DNase enzymes (Shahriar 
et al., 2011). Goto et al. (2004) isolated the genomic DNA from Brevibacillus brevis by 
DNA isolation kit, to be used for the amplification of gene. 
Identification of the new bacterial isolate SR2729 was performed using molecular 
approach, based on 16S rRNA sequence analysis. 16S rRNA sequencing was used because of 
its practical importance and its ability to represent all the phylogenetic information. The 
technique utilizes the conservative and varied sequences in the prokaryotic 16S rRNA, and 
identifies the bacteria through differences in the base pairs (Bintang et al., 2014). PCR 
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product was obtained by using the universal primers for 16S rRNA amplification (Fig.4 .8). 
The PCR product was checked under UV transilluminator and cut using fine, sterilized blade. 
The product was purified by using FavorPrep™ Gel Purification Mini Kit, and observed at 
agarose gel electrophoresis, under UV illuminator (Fig. 4.9). The obtaining of purified PCR 
product was in agreement with Fernandez et al. (2008) who also used FavorPrep kit for the 
purification of PCR product from Enterococcus fecalis. Nucleotide sequencing of 16s rRNA 
was performed by Macrogen Korea. The nucleotide sequences were compared with 
sequences in GenBank database using Basic Local Alignment Search Tool (BLAST) 
program. The amplified gene sequence of 16s rRNA showed 99% sequence similarity to 
Brevibacillus parabrevis strain. The accession number KF952775 was obtained after 
submission of 16S rRNA gene sequence of B. parabrevis SR2729. Thomas (2006) obtained 
528 bp sequence after 16S rRNA, and aligned the sequence by Clustal W. The results are in 
accordance with Kim et al. (2009), who reported the 16S rRNA identification of 
Brevibacillus species and aligned the sequences by using CLUSTAL-x program.  
The evolutionary history was inferred by using the Maximum Likelihood method 
based on the Tamura-Nei model (Tamura and Nei, 1993). The tree with the highest log 
likelihood (-42.6405) is shown (Fig. 4.10) Initial tree(s) for the heuristic search were 
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 
pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, 
and then selecting the topology with superior log likelihood value. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. The analysis involved 
13 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All 
positions containing gaps and missing data were eliminated. There were a total of 6 positions 
in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). 
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Fig. 4.7. Agarose gel electrophoresis of isolated DNA sample (duplicate), where the 
DNA bands are visible above the DNA ladder 
  
 
Fig. 4.8. View of amplified 16S rRNA gene fragment after agarose gel electrophoresis  
 
Band of isolated 
DNA in duplicate 
Band of isolated 16S 
rRNA gene 
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Fig. 4.9. The band formation of PCR product after purification by FavorPrep™ Gel 
purification Mini Kit 
Band of purified 16S 
rRNA gene 
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Fig. 4.10. The evolutionary tree conducted in MEGA6 by Maximum Composite 
Likelihood (MCL) approach 
 
B.parabrevis SR2729, B. parabrevis GRG 1, B. parabrevis DJ6, and B. parabrevis D36 share common ancestor 
present at the node of branch (a).  Same is the case for the organisms sharing the branch (b) and (c). Branch (d) on 
the other hand is an outgroup, where Agrobacterium sp. FSBSA 10 and S. parasanguinis shared the same ancestor.  
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4.1.3. Confirmatory test 
The aerobic spore forming bacterial strains form a major microflora of many natural 
habitats, where they play important role in development and protection of the ecosystem. In 
addition to many toxic industrial and environmental pollutants, such spore forming 
mimcroflora are able to degrade many important chemical compounds. Such properties of the 
bacterial strains are utilized for the selective identification on species level. The bacterial 
strain identified as Brevibacillus parabrevis SR2729 (B. parabrevis SR2729) by 16S rRNA 
sequence analysis, has ability to hydrolyze tyrosin in the medium (Vos et al. 2009), so it was 
subjected to agar supplemented with 0.5mg mL -1. 
Edward and Sudden, (2001) said that, B. parabrevis colonies were easily identified on 
Tyrosin supplemented agar medium. The bacterial colonies subjected to the tyrosin agar 
resulted in formation of clear zones of tyrosin metabolism around them (Fig. 4.11). The plate 
labeled as control did not show the formation of clearance halo, due to non-utilization of 
tyrosine in the medium, while the experimental plate inoculated with B. parabrevis SR2729 
showed the formation of clearance halos around the colonies within 24 h incubation. The 
results clearly indicate the strain to be B. parabrevis. Bergy’s manual of Biotechnology also 
supported tyrosine metabolism as suitable method for selective enrichment of B. brevis 
strains. Other methods for the selective culturing of B. parabrevis are also useful, but the 
method using tyrosine in agar medium to be decomposed by Brevibacillus is more 
convenient and simple. The results are also in accordance with Reva et al. (2001) who 
reported the degradation of tyrosine by the aerobic bacterial strains which were capable of 
spore formation. The isolated strain B. parabrevis SR2729 is an aerobic spore forming 
bacterial strain.   
 
4.2. Analysis of enzyme and protein contents 
4.2.1. Spectrophotometric analysis for degradation of chlorpyrifos 
Finally the degradation of chlorpyrifos was tested by the isolated bacterial strain B. 
parabrevis SR2729 and standard strain A.radiobacter P230, along with control. The 
degradation of pesticide along with appearance of TCP was observed at 290 and 300 nm, 
respectively, using 0.2 mM concentration of chlorpyrifos. Optical density of the reaction at 
300 nm increased with the advent of time, while a decrease in absorbance was observed at 
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290 nm; which clearly explains the degradation of chlorpyrifos into main product TCP. The 
change in optical densities at 290 and 300 nm by new isolate B. parabrevis SR2729 and 
positive control A. radiobacter P230 were in close agreement; whereas no change in OD was 
observed for negative control.  
 The disappearance of chlorpyrifos was observed for 60 minutes, by decrease in 
absorbance at 290 nm, in the presence of crude cellular extracts of new bacterial isolate; 
while the absorbance increased at 300 nm, with increased presence of TCP, which is primary 
metabolite of chlorpyrifos. The new isolate showed comparable degradation of chlorpyrifos 
regarding the standard strain (A. radiobacter P230), as shown in (Fig. 4.12). Jackson et al. 
(2006) determined the activity of phosphotriesterase (also called organophosphate hydrolae) 
by spectrophotometric analysis, using methyl parathion as substrate. They used the extinction 
coefficient of 4-nitrophenolate (ε = 16600 M-1 cm-1) which is metabolite of methyl parathion. 
Where Rashad, (2008) spectrophotometrically determined the activity of OPH from tissues of 
Schistocerca gregaria by using profenofos as substrate. For studying enzyme based 
degradation of chlorpyrifos, the method of Cho et al. (2004) was adopted, which they used 
for screening of OPH variants. In agar plates, wells were made, and introduced with reaction 
mixture, with 0.2 mM chlorpyrifos as substrate for OPH. A subsequent incubation for 20 h at 
37 °C, resulted in the formation of zones of enzymatic hydrolysis of chlorpyrifos around the 
wells. The zones for positive control (A. radiobacter P230) and bacterial isolate (B. 
parabrevis SR2729) were observed to be 12 mm and 17 mm, respectively; while no zone was 
observed for negative control (Fig. 4.13).  
 
4.2.2. Protein determination by Bradford reagent 
The protein contents were determined by using Beadford reagent. The standard curve 
obtained after analysis of standard protein bovine serum albumin (BSA) is shown in Fig. 
4.14; where the absorbanhce at 595 nm is shown against the concentration of standard BSA 
suspensions. The standard factor obtained was 0.9822, which was utilized for the 
determination of protein contents in sample enzyme suspensions. Cho et al. (2002) utilized 
Bradford reagent for the estimation of protein contents of the OPH. Horne et al. (2006) 
reported the use of Bradfor assay for the determination of OPH protein contents from 
Agrobacterium isolates.  
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Fig. 4.11. Tyrosine hydrolysis by B. parabrevis SR2729 
left side petridish: control, without inoculation of B. parabrevis SR2729; right side petridish, formation of brown 
colored haloes around the bacterial colonies due to metabolism of tyrosine. 
 
 
 
Fig. 4.12.  Degradation of chlorpyrifos and appearance of TCP  
λmax for chlorpyrifos at 290 and for TCP at 300 nm by new isolated B. parabrevis SR2729 and strain A. radiobacter 
P230 (+C). The negative control is mentioned as (-C) 
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(a) 
 
(b) 
 
(c) 
 
Fig. 4.13. Zone formation for the degradation of chlorpyrifos (0.2 mM) by bacterial 
isolate (B. parabrevis SR2729) and positive control (A. radiobacter P230) on 
agar plate 
 Image (a) showing no zone of chlorpyrifos degradation. Images (b) and (c) for bacterial isolate SR2729 and  A. 
radiobacter P230 (Standard), presented the zone of degradation of chlorpyrifos around the well, respectively.  
 
 
Fig. 4.14. Standard curve for protein contents determination by using Bradford reagent 
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4.3. Mutagenesis of B. parabrevis SR2729 for enhanced production of OPH 
Physical and chemical mutagenesis are two promising methods that are useful for 
screening of high yielding strains. Microbial cells usually produce the commercially and 
medically important metabolites in limited amounts by their inherent control systems under 
normal conditions. The product yield may be enhanced by the optimization of production 
conditions, where the product is ultimately controlled at genomic level (Suribabu et al., 
2014). Ultraviolet irradiation of microbes causes the exciting of the electrons within the 
molecules. Such excitation of electrons in DNA molecules result in the formation of extra 
bonds between adjacent pyrimidine residues. Of the physical mutagens, Ultraviolet light is 
the best studied one for strain improvement of prokaryotes as reported by Meenu et al. 
(2000). Rasul et al. (2011) reported that DNA pyrimidines are effectively disturbed by 
ultraviolet radiations. These disturbances cause the transition of GC-AT base pairs, which 
thus result into the formation of thymine dimers.   
Ethidium bromide an intercalating agent is used as mutagen, which intercalates 
between double stranded DNA, thus deforms DNA. Ethidium bromide is a large, flat basic 
molecule, which resembles DNA base pairs. Its insertion in DNA molecule causes the 
stretching of DNA duplex. Such process fools the DNA polymerase, which inserts an extra 
base opposite to ethidium bromide molecule. This process results in frameshift mutation in 
DNA. Frameshift mutation causes the changes in DNA replication and thus transcription 
(Suribabu et al., 2014). 
Although, the research on the strain improvement has been effectively performed for 
the enhanced production of several important enzymes, but no relevant data was found on the 
strain improvement of B. parabrevis for the enhanced production of OPH enzyme. This 
ensures that the presesent research work is novel for the improved production of OPH 
through physical and chemical mutagenesis using the newly isolated bacterial strain B. 
parabrevis SR2729. 
 
4.3.1. Physical mutagenesis  
Several research articles have been published on enhanced production of various 
enzymes by physical mutagenesis. Ultraviolet irradiation has been polular for strain 
improvement for the enhanced production of enzymes like alpha amylase, glucose oxidase, 
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acid protease, xylanase and cellulase (Abdullah et al., 2013; Agarwal et al., 2013; Guleria et 
al., 2013; Radha et al., 2012). However, the technique is not reported to be employed for the 
hyper-production of OPH, earlier. B. parabrevis SR2729 was subjected to physical 
mutagenesis by ultraviolet irradiation that was performed at variable intervals along with 
control. A change in colony count was observed with increased exposure to ultraviolet 
radiation. After 360 minutes, there was a significant decrease in number of colonies, while 
maximum number of colonies was observed on control. A significant change in colonies 
shape and size was observed at increased exposure. The images for ultraviolet irradiation are 
presented in Fig. 4.15. Kill curve was formulated using colony forming units; where percent 
killing and survival of the bacterial strain were 77.0 and 22.9% respectively (Fig. 4.16). After 
formulation of 3-log kill curve a dose of 315 muinutes exposure to the cells was observed to 
be effective. Aftab et al. (2012) reported the 20 minutes exposure of ultraviolet irradiation is 
an effective dose for Bacillus lichenformis GP 35 for the enhanced production of bacitracin. 
Bacillus cereus was subjected to ultraviolet irradiation for 30-90 minutes; while a 70 minutes 
dose was selected for enhanced production of fibrinolytic protease (Raju and Divakar, 2013).  
 
4.3.2 Chemical mutagenesis 
 Varieties of microbes, plants and animals used industrially, in agriculture and 
medicine are improved through research. One most important method is to use highly 
reactive chemicals that induce mutations in DNA. Such random mutagenesis techniques are 
laborious; involve lengthy procedures and many of mutations that are detrimental. While the 
selection of potential mutant derived strains by classical screening i.e. selection of improved 
strains only, by providing the selective growth conditions (use of selective marker) has made 
chemical mutagenesis more friendly to researchers. Same as physical mutagenesis, the strains 
improved by chemical mutagenesis has been utilized for the enhanced production of several 
important enzymes, but there are no reports for the enhanced production of OPH. Ethidium 
bromide is a mutagen that preferentially induces frameshift mutations in exposed DNA. After 
using 0.5mg mL-1 ethidium bromide, the bacterial cells exposed to mutagen for variable 
intervals were observed for colony forming units per mL (CFU mL-1). The decreased colony 
number with progressive time can be observed in Fig. 4.17. Three-log kill curve observed a 
constant decrease in cell count with percentage survival and killing of 13.0 and 87 %, 
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respectively (Fig. 4.18). Haq et al. (2009) performed the chemical mutagenesis of Bacillus 
licheniformis species by using ethyl methanesulfonate as chemical mutagen agent. They 
obtained the enhanced production of amylase after 10-60 minutes treatment with ethyl 
methanesulfonate. The effective dose of 75 minutes was obtained after formulation of kill 
curve.  Aftab et al. (2012) treated Bacillus licheniformis with MNNG and nitrous acid for 20 
and 15 minutes, respectively. The increased production of bacitracin i.e. 35±1.35 IU ml-1 and 
41.6±0.92 IU ml-1 was observed by mutant strains. 1.8 folds increased production of cellulase 
was reported after chemical mutagenesis of A. niger (Vu et al., 2009). Raju and Divakar 
(2013) treated the cells of Bacillus cereus by ethyl methanesulfonate and ethidium bromide 
for 30-270 minutes. They reported that there was a relation between the amount of dose and 
rate of mutation. 
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Fig. 4.15. Ultraviolet irradiation of B. parabrevis SR2729 for 360 minutes, along with 
control (un-exposed to UV radiation) 
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Fig. 4.16. Formulation of three-log Kill curve after mutagenesis of B. parabrevis SR2729 
by Ultraviolet irradiation 
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Fig. 4.17 Mutagenesis of B. parabrevis SR2729 by using ethidium bromide 
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Fig. 4.18. Formulation of three-log Kill curve after mutagenesis of B. parabrevis SR2729 
by using ethidium bromide  
 
4.4. Screening of mutants 
4.4.1. Screening by Triton-x-100 
 Chlorpyrifos degrading bacterial strain were screened by the colony restrictor and 
selective marker. Triton-x-100 and TCP were used as colony restrictor and selective marker, 
respectively. Triton x-100 (0.1%) is a detergent, that restricted the bacterial colonies, as a 
result small sized colonies were observed for the parental and mutant derived strain of UV 
and ethidium bromide mutagenesis. Meraj et al. (2012) screened the bacillus subtilis for the 
enhanced production of urate oxidase. The colonies were selected on the basis of bigger sizes 
as compared to parental strain. Growth of bacterial colonies were observed after the 24 h 
incubation of mutant derived strains on the agar medium supplemented with chlorpyrifos and 
0.1% Triton-x-100. The results for screening of strains by triton-x-100 for physical and 
chemical mutagenesis are shown in Figs. 4.19 and 4.20, respectively. Plate screening method 
was employed for the selection of potential mutant derived strains. Zaldivar et al. (2001) 
reported the screening of mutant derived colonies of Trichoderma aureoviride 7-121, for the 
improved production of lytic enzymes for cellulose degradation. Zia et al. (2010) utilized ox-
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gall as optimal colony restrictor for the strain Aspergillus niger.  Shahbazi et al. (2014) 
utilized triton-x-100 as colony restrictor after treating the trichoderma with ultraviolet and 
gamma rays irradiation. In esuch studies, marked difference for the colony restriction was 
observed for parental and mutant derived strains. So, the results shown for B.parabrevis 
mutagenesis were in agreement with the literature.  
 
4.4.2. Screening of mutants by selective marker 
The mutant derived colonies showing larger size were selected for the screening 
against selective marker. The selective markers are chosen on their ability to inhibit the 
bacterial cells with undesired properties, and to induce the growth of selective strains with 
specific required properties. Zia et al. (2010) and Rasul et al. (2011) utilized glucose 
analogue 2-deoxy-D-glucose for the screening of glucose hyper producing mutant strains. 
Khanum and Prasuna (2014) utilized guaiacol as selective marker to select the mutant 
derived strains for the enhanced Laccase production. The bacterial strain utilized chlorpyrifos 
and converted it into TCP which is the main metabolic product of chlorpyrifos degradation. 
But the screening of the mutant derived strains on the basis of degradation of TCP was 
performed, because it is categorized as the bactericidal agent for chlorpyrifos degrading 
strains (Li et al., 2007). Singh et al. (2004) and Rack et al. (1990) also reported the negative 
effects of TCP on microbes that degrade chlorpyrifos. In present study, the screening process 
was standardized by utilization of TCP as selective marker to select the bacterial strains that 
efficiently use chlorpyrifos as sole carbon source and selectively grow on the TCP 
supplemented agar medium. Screening of the bacterial strains was performed by transferring 
the selected mutant derived strains on TCP supplemented medium. The results for the 
selective screening of UV irradiated and ethidium bromide treated bacterial colonies are 
presented in Figs. 4.21 and 4.22, respectively. It can be clearly seen from the images, that the 
control (non-irradiated/or chemically treated) has slow growth on TCP supplemented 
medium, while the mutant derived strains of B. parabrevis SR2729 showed good growth. In 
Fig. 4.21, rich growth was observed on petridish labeled as ‘F’; whereas in Fig. 4.22 the best 
growth was observed on petridish labeled as ‘A’ so, these both strains were selected for the 
final zone test. 
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Fig. 4.19. Screening of mutant derived strains by Triton-x-100 (0.1%) after ultraviolet 
irradiation 
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Plate D 
Fig. 4.20. Screening of mutant derived strains on the agar plates supplemented with 
0.1% Triton-x-100, after ethidium bromide mutagenesis 
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Fig. 4.21. Screening of Mutants after chemical mutagenesis after Ultraviolet irradiation  
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Fig. 4.22. Screening of mutant derived strains by TCP after mutagenesis by ethidium 
bromide 
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4.4.3. Agar plate zone test for parental and mutant derived strains 
 The agar plate zone test is qualitative test employed to evaluate and compare the 
potential of enzyme production by the bacterial strains before and after mutagen treatment. 
The substrate for the enzyme is added to agar medium, so that it may be metabolized to 
produce the zone of metabolism around the bacterial colonies. The method is effective for 
selective enumeration of mutant derived strains as compared to expensive molecular based 
techniques.  
 The mutant derived strains selected after screening by Triton-x-100 and TCP were 
subjected to assay on agar plates. The colonies were inoculated on agar plates supplemented 
with 0.75 mM chlorpyrifos. Unlike to other substrates like methyl parathion, chlorpyrifos 
does not produce colored products after hydrolysis. So this plate screening method played 
significant role for the final selection of potential mutant derived strains after mutagenesis 
(Cho et al., 2004). After 24 h incubation at 37 °C, the bacterial colonies of parental B. 
parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A (UV irradiation), 
and B. parabrevis SR2729-B (Ethidium bromide mutagenesis), showed 3 mm, 10 mm and 8 
mm of zones of chlorpyrifos hydrolysis around the colonies. The colonies sizes were noted to 
be very small as compared to zones sizes (Fig. 4.23). Larger zone sizes for mutant derived 
strains clearly show the enhanced production of OPH after mutagenesis, as compared to non-
mutated strain. The zone formation by mutant derived strain B. parabrevis SR2729-A was 
more than three times greater than parental strain B. parabrevis SR2729. The results are in 
agreement with Cho et al. (2004) who analyzed the formation of zones of OPH around the 
bacterial colonies and found the variant strains with larger zones (three times large) 
compared to native strain. Rasul et al. (2011) and Zia et al. (2012) also reported the enhanced 
production of glucose oxidase by the formation of larger clearance zones around the colonies, 
in comparison to control (non-mutated). Shahbazi et al. (2014) used carboxymethyl cellulose 
for the formation of hydrolysis zones of cellulases on the agar plates by parent and mutant 
derived strains of Trichoderma reesei. They observed larger hydrolysis zones for the mutant 
derived strains after UV and gamma irradiation as compared to non-irradiated fungal strain.  
 The activity of OPH by parental and mutant derived strains B. parabrevis SR2729, 
and B. parabrevis SR2729-A and B. parabrevis SR2729-B was 110, 252 and 264 U mL-1, 
respectively. The activity of mutant derived strains B. parabrevis SR27269-A was 229 % 
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greater than the parental strain, while from B. parabrevis SR2729-B it was 240 % greater 
(Table 4.1). Organophosphorus compounds degrading bacterial strains were isolated by many 
researchers, but the enhanced production of OPH by strain improvement have never been 
practiced, according to literature. Hiblot et al. (2012) reported the effect of detergent on the 
activity of OPH from the wild strain. They reported the activity of OPH without detergent 
treatment was about one U mL-1, by using 100 μM of paraoxon as substrate.  
 
 
 
3 mm 
 
10 mm 
 
8 mm 
Fig. 4.23. Formation of zone of hydrolysis of chlorpyrifos  
(a) Zone formation by parental strain B. parabrevis SR2729  
(b) and (c) zone formed after mutagenesis by ultraviolet irradiation and ethidium bromide, respectively 
 
 
Table 4.1. Activity of OPH after strain improvement of B. parabrevis SR2729 by 
physical and chemical mutagenesis  
 B. parabrevis 
 SR2729 
B. parabrevis 
 SR2729-A 
B. parabrevis 
 SR2729-B 
Strain Parental  UV irradiated EthBr. treated 
Zone size (mm) 3 10 8 
Activity (U mL-1) 110 252 264 
Percent activity (%) 100 229 240 
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4.5. Production of Enzyme 
4.5.1. Effect of carbon sources on OPH production 
 The enzyme production is greately affected by the addition of different carbon 
sources at variable concentrations. The carbon sources cause the change in the yield of the 
end product by affecting the rate at which the carbohydrates are metabolized (Abdullah et al., 
2003). The enzyme production by the use of various carbon sources were studied for parental 
B. parabrevis SR2729 and mutant derived strains B.parabrevis SR2729-A and B. parabrevis 
SR2729-B. The highest production of OPH by parental mutant derived strains was observed 
when glucose was used as carbon source, while less production of enzyme was observed by 
using sucrose, starch, maltose and lactose (Fig. 4.24, 4.25 and 4.26). The levels of glucose 
for the production of OPH were 0.08, 0.04 and 0.06 for B. parabrevis SR2729 and mutant 
derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B, respectively. Two 
factor CRD design was performed for the determination of statistical significance of the 
obtained data. 
ANOVA for the optimization of carbon sources for the production of OPH by 
parental and mutant derived strains. The results for sources, levels and source × level 
interaction effects were highly significant for the carbon sources for the production of OPH 
by parental and mutant derived strains (Tables 4.2, 4.4 and 4.6). The source ×leve interaction 
mens ± standard error for the effecet of carbon sources on OPH production are presented in 
Tables 4.3, 4.5 and 4.7 for parental B. parabrevis SR2729 and mutant derived strains B. 
parabrevis SR2729-A and B. parabrevis SR2729-B, respectively. Mean values sharing the 
similar coded values in a row or column are statistically non-significant (P>0.05). Where, 
small letters indicate the comparison among the interation means, and capital letters represent 
overall mean. In Table 4.3, glucose showed the significant source × level interaction mean ± 
standard error, with “A” value of 218.46±14.81. The intraction effect of glucose with levels 
is indicated by small “a” with a value of 283.00±1.53 at 0.08 % glucose concentration. 
Similarly, the main effect of glucose on OPH productionby mutant derived strain B. 
parabrevis SR2729-A was significant with source × level interaction mean ± standard error 
value of 258.61±15.06, where the interaction affect of glucose with concentration was also 
significant at 0.04 %, with source × level interaction mean ± standard error value of 
335±4.51. In table 4.7, the significant value of source x level interaction mean±SE was 
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observed to be 318.50±14.48 for main effect of glucose on OPH production by B. parabrevis 
SR2729-B. The mean±SE for interaction affect of glucose with levels was significant at 0.06 
% glucose with a value of 365.67±2.96. While, the main and interaction effects of all other 
carbon sources remain non-significant for OPH production from parental and mutant derived 
strains of SR2729. On the basis of results, glucose was selected as best suited carbon source 
for the optimized production of OPH. The results are in accordance with Vijayalakshmi and 
Usha (2011), where they observed highest degradation of chlorpyrifos by using glucose as 
carbon source. However, their reported strain Pseudomonas putida utilized a high 
concentration of glucose for the optimized degradation of chlorpyrifos. Tsai et al. (2012) 
reported 0.1 % glucosde as carbon source for the production of OPH enzyme by 
Enterobacter aerogenes strain. Ghribi and Chaabouni (2011) reported the optimum 
production of lipopeptide biosurfactant by Bacillus subtilis by using glucose (40 g L-1) as 
carbon source. It is reported that effect of carbon source changes with the production strain 
and other production conditions. Maximum production of amylase was obtained after using 
starch as carbon source in production medium for Bacillus sp. marini (Ashwini et al., 2011). 
 
 
Fig. 4.24. Effect of carbon sources on the production of OPH by parental strain B. 
parabrevis SR2729 
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Fig. 4.25. Effect of carbon sources on the production of OPH by mutant derived  strain 
B. parabrevis SR2729-A 
 
 
Fig. 4.26. Effect of carbon sources on the production of OPH by mutant derived strain 
B. parabrevis SR2729-B 
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Table 4.2.  Analysis of variance for optimization of carbon sources for OPH production by parental strain B. parabrevis SR2729 
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
67818 
102879 
 47739 
  6551 
224988 
16954.5 
20575.8 
 2387.0 
  109.2 
155.28** 
188.45** 
 21.86** 
** = Highly significant (P<0.01) 
 
 
Table 4.3. Source x level interaction mean±SE for optimization of carbon sources for OPH production by parental strain B. 
parabrevis SR2729 
Level (%) Carbon sources Total 
 Glucose Sucrose Starch Maltose Lactose  
0.00 100.40 ± 0.31n 102.67 ± 1.45n 133.33 ± 32.3lmn 101.67 ± 0.88n 102.67 ± 1.33n 108.15 ± 6.43E 
0.02 193.67 ± 1.86d-h 182.00 ± 1.15f-i 176.67 ± 0.88g-j 168.00 ± 0.58g-k 114.00 ± 1.53mn 166.87 ± 7.42D 
0.04 212.33 ± 1.86c-f 221.00 ± 0.58cde 188.67 ± 0.88e-i 218.67 ± 0.67cde 133.33 ± 0.88lmn 194.80 ± 8.78BC 
0.06 257.00 ± 1.53ab 212.67 ± 1.20c-f 163.67 ± 1.86h-l 233.33 ± 0.88bc 181.00 ± 0.58f-i 209.53 ± 9.07A 
0.08 283.00 ± 1.53a 200.67 ± 1.20c-g 142.00 ± 1.15klm 222.67 ± 1.20cd 157.67 ± 1.45i-l 201.20 ± 13.40AB 
0.10 264.33 ± 0.88ab 188.00 ± 0.58e-i 137.67 ± 1.86klm 188.00 ± 0.58e-i 144.33 ± 2.33j-m 184.47 ± 12.09C 
Total 218.46 ± 14.81A 184.50 ± 9.45B 157.00 ± 6.79C 188.72 ± 10.87B 138.83 ± 6.37D    
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Table 4.4.  Analysis of variance for optimization of carbon sources for OPH production by mutant derived strain B. parabrevis 
SR2729-A 
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
162438 
107905 
 79771 
  2561 
352675 
40609.5 
21581.0 
 3988.5 
   42.7 
951.29** 
505.54** 
 93.43** 
** = Highly significant (P<0.01) 
 
 
 
Table 4.5. Source x level interaction mean±SE for optimization of carbon sources for OPH production by mutant derived strain 
B. parabrevis SR2729-A 
Level (%) Carbon sources Total 
 Glucose Sucrose Starch Maltose Lactose  
0.00 155.00 ± 1.00fg 151.00 ± 2.31gh 152.00 ± 1.15gh 151.33 ± 3.18gh 153.67 ± 2.73g 152.60 ± 0.94E 
0.02 202.67 ± 4.06e 256.33 ± 3.28d 153.33 ± 4.26g 175.33 ± 2.73f 161.00 ± 3.06fg 189.73 ± 10.06D 
0.04 335.00 ± 4.51a 299.67 ± 5.24b 265.67 ± 2.96cd 200.33 ± 5.55e 153.67 ± 2.73g 250.87 ± 17.68A 
0.06 299.67 ± 5.24b 272.67 ± 2.19cd 297.67 ± 6.23b 214.67 ± 2.60e 142.00 ± 4.04ghi 245.33 ± 16.14A 
0.08 297.33 ± 5.04b 264.33 ± 3.84d 286.00 ± 4.58bc 198.33 ± 2.96e 131.33 ± 3.76hi 235.47 ± 16.74B 
0.10 262.00 ± 5.03d 214.33 ± 2.60e 266.00 ± 5.03cd 175.67 ± 2.60f 123.00 ± 1.53i 208.20 ± 14.50C 
Total 258.61 ± 15.06A 243.06 ± 11.78B 236.78 ± 14.75C 185.94 ± 5.19D 144.11 ± 3.42E    
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Table 4.6.  Analysis of variance for optimization of carbon sources for OPH production by mutant derived strain B. parabrevis 
SR2729-B 
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
146345 
 67265 
 31221 
  1764 
246595 
36586.3 
13452.9 
 1561.0 
   29.4 
1244.43** 
 457.58** 
  53.10** 
** = Highly significant (P<0.01) 
 
 
Table 4.7. Source x level interaction mean±SE for optimization of carbon sources for OPH production by mutant derived strain 
B. parabrevis SR2729-B 
Level (%) Carbon ources Total 
 Glucose Sucrose starch Maltose Lactose  
0.00 188.67 ± 2.60mn 189.00 ± 2.08mn 188.00 ± 1.73n 186.00 ± 3.00n 187.67 ± 4.10n 187.87 ± 1.10F 
0.02 321.67 ± 3.18c 221.00 ± 0.58ijk 199.33 ± 4.98lmn 193.00 ± 2.08mn 231.33 ± 3.28hi 233.27 ± 12.45E 
0.04 341.67 ± 4.06b 252.00 ± 1.15efg 216.33 ± 3.28i-l 211.67 ± 3.33jkl 244.33 ± 1.76fgh 253.20 ± 12.58C 
0.06 365.67 ± 2.96a 271.33 ± 0.88d 229.00 ± 5.51hij 230.67 ± 3.38hi 261.00 ± 3.21def 271.53 ± 13.40A 
0.08 351.67 ± 3.38ab 265.00 ± 2.65de 243.33 ± 2.40gh 205.67 ± 5.17klm 252.67 ± 2.19efg 263.67 ± 12.96B 
0.10 341.67 ± 3.76b 245.00 ± 2.52fgh 222.00 ± 2.31ijk 187.67 ± 2.73n 231.00 ± 3.21hi 245.47 ± 13.86C 
Total 318.50 ± 14.48A 240.56 ± 6.84B 216.33 ± 4.62D 202.44 ± 3.97E 234.67 ± 5.82C    
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4.5.2. Effect of nitrogen sources 
Nitrogen sources affect the microbial cell factories for the production of important 
metabolites. In present research work, five nitrogen sources yeast extract, KNO3, NaNO3, 
Peptone and NH4NO3 were utilized for the optimization of OPH production. Where yeast extract 
and peptone were organic nitrogen sources, while other three were inorganic sources. By 
observing the activity of OPH at variable levels of these nitrogen sources, it was found that the 
parental strain B. parabrevis SR2729 utilized NaNO3 as best suited nitrogen source to produce 
OPH. The mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B utilized 
KNO3 and NaNO3, respectively (Fig. 4.27, 4.28 and 429). After the statistical analysis of the data 
obtained by the parental and mutant derived strains the ANOVA for the all three strains showed 
the significance of source, level, and source × level interaction of nitrogen sources for OPH 
production (Table 4.8, 4.10 and 4.12). Table 4.9 shows source x level interaction mean±SE for 
nitrogen sources optimization for OPH production by the parenral strain. The table shows the 
significance of NaNO3 as main factor for the production of OPH by parental strain B. parabrevis 
SR2729, with mean × SE of 147.72 ±7.71. The interaction effect of NaNO3 × levels was also 
significant with mean × SE 181.00 ±3.21 at the level of 0.06%.  
For the mutant derived strain B. parabrevis SR2729-A, source x level interaction 
mean±SE are shown in Table 4.11. The inorganic nitrogen source KNO3 was observed to be the 
main factor for the optimized production of OPH by the strain with mean ± SE value of 275.83 
±7.57; while the interaction effect of factor × level was also significant for KNO3 at 0.04 %, with 
mean ± SE of 313.33±1.2. In Table 4.13, it is presented that the main factor with significance 
was NaNO3 for the strain B. parabrevis SR2729-B with mean ±SE of 269.78 ±15.86, while the 
interaction effect of NaNO3× level was significant at 0.06 % NaNO3, with mean ± SE of 
364.33±3.38. The results were not in correlation with Vijayalakshmi and Usha, (2011). They 
tested a range of nitrogen sources for the optimization of conditions for degradation of 
chlorpyrifos. They observed that in the presence of yeast extract as nitrogen source, the highest 
degradation of chlorpyrifos was obtained, while peptone, NaNO3, NH4NO3 and KNO3 followed 
yeast extract. Process optimization for chlorpyrifos degradation for production of OPH enzyme 
has been a limited area of research in previous literature. Additionally, much attention is required 
on the better and optimized OPH production for the bioremediation of chlorpyrifos from the 
environment. 
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Fig. 4.27. Effect of nitrogen sources on the production of OPH by parental strain B. 
parabrevis SR2729 
 
 
 
Fig. 4.28. Effect of nitrogen sources on the production of OPH by mutant derived strain 
strain B. parabrevis SR2729-A 
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Fig. 4.29. Effect of nitrogen sources on the production of OPH by mutant derived strain 
strain B. parabrevis SR2729-B  
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Table 4.8.  Analysis of variance for optimization of nitrogen sources for OPH production by parental strain B. parabrevis  
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
27252.4 
30409.2 
11179.0 
  588.7 
69429.2 
6813.09 
6081.83 
 558.95 
   9.81 
694.43** 
619.89** 
 56.97** 
** = Highly significant (P<0.01) 
 
 
Table 4.9. Source x level interaction mean±SE for optimization of nitrogen sources for OPH production by parental strain B. 
parabrevis  
Level (%) Nitrogen source Total 
 Yeast extract KNO3 NaNO3 Peptone NH4NO3  
0.00 82.00 ± 1.53n 82.33 ± 1.20n 82.00 ± 1.15n 81.00 ± 0.58n 83.00 ± 1.53n 82.07 ± 0.50E 
0.02 96.67 ± 2.85m 111.33 ± 0.88ijk 142.33 ± 1.20de 102.33 ± 1.45klm 99.00 ± 0.58m 110.33 ± 4.52D 
0.04 101.00 ± 0.58lm 142.00 ± 1.53de 164.33 ± 1.20b 131.67 ± 1.67f 109.33 ± 0.88jkl 129.67 ± 6.10B 
0.06 111.00 ± 0.58i-l 130.33 ± 2.19fg 181.00 ± 3.21a 152.00 ± 4.04cd 125.00 ± 2.89fgh 139.87 ± 6.62A 
0.08 97.00 ± 1.15m 102.00 ± 1.15klm 164.00 ± 2.65b 129.00 ± 2.89fg 132.67 ± 1.76ef 124.93 ± 6.49C 
0.10 83.00 ± 1.73n 93.33 ± 1.20m 152.67 ± 1.45c 120.33 ± 0.88ghi 115.00 ± 1.15hij 112.87 ± 6.48D 
Total 95.11 ± 2.51D 110.22 ± 5.02C 147.72 ± 7.71A 119.39 ± 5.54B 110.67 ± 4.01C    
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Table 4.10.  Analysis of variance for optimization of nitrogen sources for OPH production by mutant derived strain B. 
parabrevis-A 
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
23532.9 
 34208.8 
 11592.5 
   979.3 
 70313.6 
5883.23 
6841.76 
 579.63 
  16.32 
360.44** 
419.17** 
 35.51** 
** = Highly significant (P<0.01) 
 
 
Table 4.11. Source x level interaction mean±SE for optimization of nitrogen sources for OPH production by mutant derived 
strain B. parabrevis-A 
Level (%) Nitrogen source Total 
 Yeast extract KNO3 NaNO3 Peptone NH4NO3  
0.00 220.00 ± 3.06m 221.00 ± 2.89lm 221.33 ± 0.67lm 218.67 ± 2.33m 221.67 ± 1.20lm 220.53 ± 0.89E 
0.02 238.67 ± 3.28ij 263.33 ± 1.20fg 233.00 ± 1.73i-l 222.33 ± 2.33klm 243.67 ± 2.03hi 240.20 ± 3.72C 
0.04 270.00 ± 4.04ef 313.33 ± 1.20a 276.67 ± 0.88de 263.00 ± 4.04fg 253.00 ± 2.08gh 275.20 ± 5.61A 
0.06 286.33 ± 3.28cd 300.00 ± 0.58b 293.67 ± 1.76bc 241.00 ± 3.46hi 234.67 ± 2.60ijk 271.13 ± 7.44A 
0.08 265.00 ± 2.89efg 296.67 ± 0.88bc 252.67 ± 1.20gh 221.33 ± 0.88lm 227.33 ± 2.19j-m 252.60 ± 7.31B 
0.10 241.00 ± 3.21hi 260.67 ± 1.20fg 231.00 ± 1.00i-m 219.00 ± 2.89m 222.00 ± 2.00klm 234.73 ± 4.12D 
Total 253.50 ± 5.52B 275.83 ± 7.57A 251.39 ± 6.34B 230.89 ± 4.06C 233.72 ± 2.88C    
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Table 4.12.  Analysis of variance for optimization of nitrogen sources for OPH production by mutant derived strain B. 
parabrevis-B 
Source of variation Degrees of freedom Sum of squares Mean squares F-value 
Source 
Level 
Source x Level 
Error 
Total 
4 
5 
20 
60 
89 
  41526 
 103105 
  51737 
   1903 
 198270 
10381.4 
20621.0 
 2586.8 
   31.7 
327.26** 
650.05** 
 81.55** 
** = Highly significant (P<0.01) 
 
Table 4.13. Source x level interaction mean±SE for optimization of nitrogen sources for OPH production by mutant derived 
strain B. parabrevis-B 
Level %) Nitrogen source Total 
 Yeast extract KNO3 NaNO3 Peptone NH4NO3  
0.00 176.67 ± 2.40p 177.33 ± 3.84p 176.00 ± 1.53p 178.00 ± 3.21p 177.33 ± 4.33p 177.07 ± 1.23F 
0.02 192.33 ± 2.33op 198.00 ± 4.36no 202.67 ± 3.84mno 216.33 ± 3.48j-m 234.67 ± 3.28hi 208.80 ± 4.27E 
0.04 245.00 ± 2.89fgh 240.00 ± 3.61fgh 264.33 ± 2.33de 233.00 ± 2.52hij 267.00 ± 3.79de 249.87 ± 3.79C 
0.06 287.00 ± 3.61c 235.67 ± 3.18ghi 364.33 ± 3.38a 255.00 ± 2.65ef 253.67 ± 2.33efg 279.13 ± 12.27A 
0.08 312.67 ± 2.19b 214.33 ± 2.85k-n 324.33 ± 3.84b 221.33 ± 3.76i-l 231.00 ± 1.15h-k 260.73 ± 12.77B 
0.10 275.00 ± 2.89cd 199.67 ± 5.21mno 287.00 ± 3.79c 201.00 ± 3.79mno 211.67 ± 1.20lmn 234.87 ± 10.27D 
Total 248.11 ± 12.01B 210.83 ± 5.49E 269.78 ± 15.86A 217.44 ± 5.96D 229.22 ± 7.11C    
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4.5.3. Process optimization of OPH production by RSM 
4.5.3.1. RSM Model fitting and response analysis for process optimization of OPH by 
parental strain B. parabrevis SR2729 
By the examination of six factors interaction at variable levels, 54 experimental runs were 
performed. The second order polynomial coefficient for each term of equation “x” were 
determined through multiple regression analysis using Design expert 9.  The experimental and 
predicted values of enzyme activity (U mL-1) by parental strain B. parabrevis SR2729 are 
presented in table 4.14. Chen et al. (2012) used CCRD for the optimization of degradation of 
chlorpyrifos with three factors at five variable points. The three factors were pH, temperature, 
and culture time for the chlorpyrifos degradation.  
 
Regression Equation 
U mL-1 activity of OPH (y) =  (+331.67) + (-56.29A) + (+39.25B) + (+49.71C) + 
(+34.67D) + (+11.25E) + (+40.42F) + (-36.63AB) + (-27.63AC) + (-34.12AD) + 
(+30.63AE) + (-25.12AF) + (+38.00BC) + (+21.62BF) + (+31.81CF) + (+21.50DF) + 
(+0.37EF) + (-38.22A2) + (-152.97B2) + (-88.97C2) + (-50.85D2) + (-21.47E2) + (-
99.35F2)…………… “x” 
 
 ANOVA is a statistical technique that subdivides the total variation in a set of data into 
component parts associated with specific sources of variation for the purpose of testing 
hypothesis on the parameters of the model. According to ANOVA the F-value of 84.59 implies 
that the model is significant and there are only 0.01% chances that a larger F-value of Model 
could be due to noise. Model terms were tested at 5% confidence level, which is P>F value and 
less than 0.05 indicate the significance of model terms (Table 4.15). Here, model terms pH, 
temperature, incubation time, carbon source, nitrogen source, and pesticide concentration are 
significant. In addition the pH-temperature, pH-incubation time, pH-carbon source, pH-nitrogen 
source, pH-pesticide concentration, temperature-incubation time, temperature-pesticide 
concentration, incubation time-carbon source, carbon source-pesticide concentration were also 
significant. The quadratic effects of pH, temperature, incubation time, carbon source, nitrogen 
source, and pesticide concentration were significant for OPH production. On the other hand 
values greater than 0.1000 indicate that the model terms are non-significant. Here, temperature-
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carbon source, temperature-nitrogen source, incubation-nitrogen source, and carbon source-
nitrogen source are non-significant terms with Prob>F values of 0.3290, 0.2409, 0.4888, and 
0.4536, respectively.  
 Lack of fit test for the present model obtained the value 1.08, which implies that the 
model lack of fit test is non-significant, relative to pure error (Table 4.16). There are 51.55% 
chances that, this lack of fit could be due to noise. Non-significant lack of fit term indicates that 
the model is fit. The ANOVA table also presented the value of residual error, which measures 
the amount of variation in the response data left unexplained by the model. The form of model 
chosen to explain the correlation between the factors is correct. Predicted R-squared (0.9489) 
was in reasonable agreement with adjusted R-squared (0.9771), the difference was less than 0.2. 
The regression R2 was also found to be 0.988, indicating that 98.8% variability in the model 
could be explained by the model. It also implies that the precision of the model and experimental 
data is quite satisfactory. 
Response surface plots, as a function of two factors at a time, where all other four factors 
maintained at fixed level, are suitable to understand both the main and interaction effects of the 
factors. The values of the responses were used to formulate the response surface curves to 
determine the optimum levels of the factors for maximum response. The response surface curves 
for the obtained activity of OPH from parental strain are presented in Figs. 4.30-4.34. The curve 
presented the interaction between six variable factors; where the significant interaction between 
variable was presented by the elliptical shape of the curve. Elavarasan et al. (2009) said that the 
elliptical shape of the curve signifies the good interaction between the process variables, while 
the circular shapes indicate that there is no significant interaction among variables.  
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Table. 4.14. Diagnostic case statistics of experimental runs and observed response values of 
36 central composite design for Parental strain B. parabrevis SR2729 
Run 
order 
Actual value Predicted 
value 
Run order Actual value Predicted 
value 
1 130.00 118.02 28 18.00 5.27 
2 13.00 -5.12 29 330.00 331.67 
3 45.00 57.52 30 342.00 331.71 
4 321.00 307.10 31 36.00 31.23 
5 350.00 336.10 32 130.00 145.21 
6 200.00 201.29 33 10.00 -5.60 
7 39.00 43.60 34 28.00 10.23 
8 199.00 183.02 35 164.00 176.23 
9 19.00 6.98 36 32.00 42.02 
10 28.00 43.27 37 12.00 -1.40 
11 192.00 207.40 38 105.00 118.63 
12 120.00 127.29 39 332.00 331.67 
13 315.00 331.67 40 126.00 142.10 
14 365.00 360.71 41 130.00 119.65 
15 37.00 50.35 42 52.00 40.98 
16 15.00 30.13 43 20.00 20.31 
17 195.00 184.38 44 70.00 71.06 
18 320.00 331.67 45 50.00 51.40 
19 30.00 23.79 46 25.00 39.40 
20 275.00 284.21 47 26.00 10.85 
21 175.00 159.38 48 54.00 41.79 
22 28.00 23.81 49 25.00 37.63 
23 20.00 18.77 50 365.00 331.67 
24 125.00 141.40 51 225.00 212.13 
25 15.00 27.60 52 115.00 117.81 
26 328.00 331.67 53 20.00 31.73 
27 217.00 232.88 54 108.00 121.77 
123 
 
 
Table 4.15. Analysis of Variance (ANOVA) for the optimization of OPH by parental strain 
B. parabrevis SR2729 
Source Sum 
of Squares 
df Mean 
Square 
F Value p-value 
Prob > F 
 
Model 7.502E+005 27 27784.97 84.59 < 0.0001 Significant 
A 76050.04 1 76050.04 231.52 < 0.0001 Significant 
B 36973.50 1 36973.50 112.56 < 0.0001 Significant 
C 59302.04 1 59302.04 180.53 < 0.0001 Significant 
D 28842.67 1 28842.67 87.81 < 0.0001 Significant 
E 3037.50 1 3037.50 9.25 0.0053 Significant 
F 39204.17 1 39204.17 119.35 < 0.0001 Significant 
AB 10731.13 1 10731.13 32.67 < 0.0001 Significant 
AC 6105.13 1 6105.13 18.59 0.0002 Significant 
AD 18632.25 1 18632.25 56.72 < 0.0001 Significant 
AE 7503.13 1 7503.13 22.84 < 0.0001 Significant 
AF 5050.13 1 5050.13 15.37 0.0006 Significant 
BC 11552.00 1 11552.00 35.17 < 0.0001 Significant 
BD 325.13 1 325.13 0.99 0.3290 non-significant 
BE 473.06 1 473.06 1.44 0.2409 non-significant 
BF 3741.13 1 3741.13 11.39 0.0023 Significant 
CD 10658.00 1 10658.00 32.45 < 0.0001 Significant 
CE 162.00 1 162.00 0.49 0.4888 non-significant 
CF 16192.56 1 16192.56 49.30 < 0.0001 Significant 
DE 190.13 1 190.13 0.58 0.4536 non-significant 
DF 3698.00 1 3698.00 11.26 0.0024 Significant 
EF 1.13 1 1.13 3.425E-003 0.9538 Significant 
A2 15026.79 1 15026.79 45.75 < 0.0001 Significant 
B2 2.407E+005 1 2.407E+005 732.74 < 0.0001 Significant 
C2 81422.29 1 81422.29 247.87 < 0.0001 Significant 
D2 26593.10 1 26593.10 80.96 < 0.0001 Significant 
E2 4742.29 1 4742.29 14.44 0.0008 Significant 
F2 1.015E+005 1 1.015E+005 309.05 < 0.0001 Significant 
Residual 8540.54 26 328.48    
Lack of Fit 6999.21 21 333.30 1.08 0.5155 not significant 
Pure Error 1541.33 5 308.27    
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Cor Total 7.587E+005 53     
 
Table 4.16. Lack of fit test for the model for process optimization of OPH by parental 
strain (B. parabrevis SR2729) 
Source Sum of Squares df Mean 
Square 
F Value p-value 
Prob > F 
 
Linear 5.138E+005 42 12232.94 39.68 0.0003  
2FI 4.188E+005 27 15509.95 50.31 0.0002  
Quadratic 6999.21 21 333.30 1.08 0.5155 Suggested 
Cubic 89.13 3 29.71 0.096 0.9587 Aliased 
Pure Error 1541.33 5 308.27    
 
For more detail contour plots for the interaction between two variable factors for change 
in enzyme production are shown in Fig. 4.35-4.39. The central/stationary point is the spot, where 
the slope of the contour is zero in all directions. The coordinated of the central spot, within 
highest contour levels in each of these figures corresponds to the optimum values of the 
respective components. Gopal et al. (2002) obtained the maximum color removal of the dye in 
the smallest curve of the contour diagram. The optimum values obtained from the images are in 
close agreement with the regression equation model “x”. The optimum point was observed at the 
center of the contour diagram. Based on the graphical results as presented in Figure 30-39, the 
optimized production of OPH was obtained at pH 6; temperature = 52.5 °C; incubation time = 
40.5 h; carbon and nitrogen sources = 0.5 and pesticide = 6%. The optimum response of 365 U 
mL-1 was obtained after using the optimized values of all six factors.  
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Fig. 4.30. Statistical 3D surface model of the combined effect of pH and temperature for 
OPH activity from parental strain B. parabrevis SR2729 
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Fig. 4.31. Statistical 3D surface model of the combined effect of pH and incubation time for 
OPH activity from parental strain B. parabrevis SR2729 
 
Fig. 4.32. Statistical 3D surface model of the combined effect of pH and carbon source for 
OPH activity from parental strain B. parabrevis SR2729 
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Fig. 4.33. Statistical 3D surface model of the combined effect of pH and nitrogen source for 
OPH activity from parental strain B. parabrevis SR2729 
 
Fig. 4.34. Statistical 3D surface model of the combined effect of pH and pesticide 
concentration for OPH activity from parental strain B. parabrevis SR2729 
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Fig. 4.35. Contour plot for interaction of pH and temperature for process optimization of 
OPH by B. parabrevis SR2729 
 
Figure 4.36. Contour plot for interaction of pH and incubation time for process 
optimization of OPH by B. parabrevis SR2729 
 
 
129 
 
Fig. 4.37. Contour plot for interaction of pH and carbon source for process optimization of 
OPH by B. parabrevis SR2729 
 
Fig. 4.38. Contour plot for interaction of pH and nitrogen source for process optimization 
of OPH by B. parabrevis SR2729 
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Fig. 4.39. Contour plot for interaction of pH and pesticide concentration for process 
optimization of OPH by B. parabrevis SR2729 
4.5.3.2. Process optimization for enhanced production of OPH by B. parabrevis SR2729-
A  
The process optimization by designed experiments using RSM resulted in the small 
differences between the predicted and actual response values (Acticvities U mL-1) for 54 runs. 
The diagnostic statistic report of OPH activity by mutant derived strain B. parabrevis SR2729-A 
is shown in Table 4.17. The second order polynomial coefficient for each term of equation “y” 
were determined through multiple regression analysis using Design expert 9.   
 
Regression equation 
U mL-1 activity of OPH (y)  =  (+609.0) + (-86.5A) + (+113.9B) + (+112.83C) + 
(+35.5D) + (+29.9E) + (+48.02F) + (-31.00AB) + (-78.75AC) + (-58.12AD) + 
(+42.75AE) + (-52.75AF) + (+92.0BC) + (-37.00BD) + (+23.41BE) + (+33.69BF) 
+(+48.50CD) + (+36.5CF) + (+29.00DE) + (+32.25DF) + (+22.44EF) + (-30.9 A2) + (-
228.96B2) + (-139.83C2) + (-60.65D2) + (-8.46E2) + (-158.77F2) ------------“y” 
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The F value for model is 64.25 indicate the model is significant, with a small chance of 
0.01%, that this large value could be due to noise. The model terms were tested at 5% confidence 
interval, so P values greater than 0.05 are regarded as non-significant. The model indicates that 
main effects of pH, temperature, incubation time, carbon source, nitrogen source and pesticide 
concentration were significant. This indicates the linear terms for the model are significant. The 
F values of two factors interactions (2FI) were significant except incubation time-nitrogen source 
(CE) (0.5833>P value). In addition the quadratic terms (A2, B2, C2, D2, E2 and F2) were also 
noted to be significant (Table 4.18). The lack of fit for the model is 0.79, relevant to pure error, 
which indicates the significance of model fitness. There were only 68.77% chances that this large 
lack of fit value could be due to noise (Table 4.19)  
 The optimum points for the production of OPH were observed at the center of 3D surface 
model (Figs. 4.40-4.44).  The optimized levels for all the six factors were pH 4.00; temperature = 
52.5 °C; incubation time= 72 h; carbon and nitrogen sources = 0.05% and pesticide 
concentration = 10%). Final enzyme activity of 714 U mL-1 was obtained after using the 
optimized medium contents for the strain B. parabrevis SR2729-A. The contour plots presented 
in Fig. 4.45-4.49 show the trends of response at variable levels of factors. Adeq-precision 
measures the signal to noise ratio, the value was far greater than 4. i.e. 24.803. This adequate 
signal means the model can be used to navigate the design space. Wangrangsimagul et al. (2011) 
utilized Brevibacillus agri 13 strain for the process optimization of bioproduction of vaniline. 
They used Response surface methodology and obtained optimum vaniline productivity at higher 
level of substrate concentration. The results are in accordance with their study, as optimum 
production of OPH was observed at high level of chlorpyrifos i.e. 10 %.  The ability of the strain 
could be due to enhanced resistance against higher concentration of substrate and product 
inhibition by 3,5,6- trichloro-2-pyridinol.  
The predicted R-squared is 0.985, which is in reasonable agreement with the adjusted R-
squared 0.9699, with small difference of less than 0.2. Where Regression R2 was 0.985, 
indicating there 98.3 % variability in the model is explained by the suggested model. It thus 
implies that the precision of the model and experimental data is quite satisfactory. 
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Table 4.17. Diagnostic case statistics of experimental runs and observed response values of 36 
central composite design for mutant derived strain B. parabrevis SR2729-A 
Run order Actual value Predicted 
value 
Run order Actual value Predicted 
value 
1 230.00 258.85 28 89.00 68.64 
2 113.00 99.48 29 630.00 609.00 
3 120.00 170.65 30 690.00 705.27 
4 623.00 563.35 31 116.50 84.32 
5 714.00 694.85 32 332.00 360.73 
6 500.00 488.77 33 117.00 100.53 
7 139.00 142.18 34 122.00 117.69 
8 499.00 490.18 35 465.00 484.16 
9 119.00 97.53 36 132.00 152.18 
10 172.00 200.15 37 112.00 94.51 
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11 592.00 610.78 38 260.00 298.23 
12 420.00 401.48 39 631.00 609.00 
13 615.00 609.00 40 315.00 332.68 
14 665.00 672.98 41 330.00 329.81 
15 130.00 110.15 42 220.00 187.11 
16 215.00 225.27 43 215.00 226.31 
17 495.00 460.02 44 170.00 167.69 
18 620.00 609.00 45 241.00 275.86 
19 103.00 104.73 46 95.00 125.20 
20 575.00 576.52 47 105.00 80.15 
21 475.00 463.27 48 370.00 344.52 
22 228.00 195.31 49 125.00 133.48 
23 220.00 214.14 50 530.00 609.00 
24 425.00 420.31 51 525.00 501.52 
25 85.00 96.51 52 215.00 238.69 
26 628.00 609.00 53 120.00 129.19 
27 517.00 543.73 54 315.00 330.85 
Table 4.18. ANOVA table for the optimization of OPH by mutant derived strain B. parabrevis 
SR2729-A 
Source Sum of Squares df Mean Square F Value p-value Prob 
> F 
 
Model 2.204E+006 27 81630.05 64.25 < 0.0001 Significant 
A 1.796E+005 1 1.796E+005 141.33 < 0.0001 Significant 
B 3.113E+005 1 3.113E+005 245.04 < 0.0001 Significant 
C 3.056E+005 1 3.056E+005 240.49 < 0.0001 Significant 
D 30246.00 1 30246.00 23.81 < 0.0001 Significant 
E 21450.26 1 21450.26 16.88 0.0004 Significant 
F 55344.01 1 55344.01 43.56 < 0.0001 Significant 
AB 7688.00 1 7688.00 6.05 0.0209 Significant 
AC 49612.50 1 49612.50 39.05 < 0.0001 Significant 
AD 54056.25 1 54056.25 42.55 < 0.0001 Significant 
AE 14620.50 1 14620.50 11.51 0.0022 Significant 
AF 22260.50 1 22260.50 17.52 0.0003 Significant 
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BC 67712.00 1 67712.00 53.29 < 0.0001 Significant 
BD 10952.00 1 10952.00 8.62 0.0069 Significant 
BE 8765.64 1 8765.64 6.90 0.0143 Significant 
BF 9078.78 1 9078.78 7.15 0.0128 Significant 
CD 18818.00 1 18818.00 14.81 0.0007 Significant 
CE 392.00 1 392.00 0.31 0.5833 Non-Significant 
CF 21316.00 1 21316.00 16.78 0.0004 Significant 
DE 6728.00 1 6728.00 5.30 0.0297 Significant 
DF 8320.50 1 8320.50 6.55 0.0167 Significant 
EF 4027.53 1 4027.53 3.17 0.0867 Significant 
A2 9818.25 1 9818.25 7.73 0.0100 Significant 
B2 5.392E+005 1 5.392E+005 424.38 < 0.0001 Significant 
C2 2.011E+005 1 2.011E+005 158.29 < 0.0001 Significant 
D2 37830.00 1 37830.00 29.77 < 0.0001 Significant 
E2 735.88 1 735.88 0.58 0.4535 Significant 
F2 2.593E+005 1 2.593E+005 204.07 < 0.0001 Significant 
Residual 33034.57 26 1270.56   Significant 
Lack of Fit 25350.57 21 1207.17 0.79 0.6877 not significant 
Pure Error 7684.00 5 1536.80    
Cor Total 2.237E+006 53     
 
Table 4.19. Lack of fit test for the model for process optimization of OPH by mutant 
derived strain B. parabrevis SR2729-A 
Source Sum of 
Squares 
df Mean 
Square 
F Value p-value Prob 
> F 
 
Linear 1.326E+006 42 31568.11 20.54 0.0015  
2FI 1.022E+006 27 37833.80 24.62 0.0010  
Quadratic 25350.57 21 1207.17 0.79 0.6877 Suggested 
Cubic 395.14 3 131.71 0.086 0.9649 Aliased 
Pure Error 7684.00 5 1536.80    
Predicted R-squared = 0.9358; Adusted R-squared = 0.9699 
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Fig. 4.40. 3D surface model for the combined effect of pH and temperature for OPH 
activity by mutant derived strain of B. parabrevis SR2729-A 
 
 
 
 
Fig.4.41. 3D surface model for the combined effect of pH and incubation time for OPH 
activity by mutant derived strain of B. parabrevis SR2729-A 
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Fig. 4.42. 3D surface model for the combined effect of pH and carbon source for OPH 
activity by mutant derived strain of B. parabrevis SR2729-A 
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Fig. 4.43. 3D surface model for the combined effect of pH and nitrogen source for OPH 
activity by mutant derived strain of B. parabrevis SR2729-A 
 
 
 
Fig. 4.44. 3D surface model for the combined effect of pH and pesticide concentration for 
OPH activity by mutant derived strain of B. parabrevis SR2729-A 
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Fig. 4.45. Contour plot for interaction of pH and temperature for process optimization of 
OPH by B. parabrevis SR2729-A 
 
 
 
 
Fig. 4.46. Contour plot for interaction of pH and incubation time for process optimization 
of OPH by B. parabrevis SR2729-A 
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Fig. 4.47. Contour plot for interaction of pH and carbon source for process optimization of 
OPH by B. parabrevis SR2729-A 
 
 
 
Fig. 4.48. Contour plot for interaction of pH and nitrogen source for process optimization 
of OPH by B. parabrevis SR2729 
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Fig. 4.49. Contour plot for interaction of pH and pesticide concentration for process 
optimization of OPH by B. parabrevis SR2729 
 
4.5.3.3. RSM model and response analysis for process optimization of OPH by B. parabrevis 
SR2729-B 
Process optimization for enhanced production of OPH using B. parabrevis SR2729-B 
was performed using Response Surface Methodology in design expert 9. The predicted and 
actual responses for the 54 runs are presented in Table 4.20; where there were small differences 
in predicted and actual values of OPH activity U mL-1 for most of runs. For each term of 
equation “z”, second order polynomial was determined through multiple regression analysis in 
Design expert 9. By means of RSM, the relationship among the variables, pH, temperature, 
incubation time, carbon, nitrogen sources, and pesticide concentration, were expressed 
mathematically in the form of polynomial model, which gave responses as a fuction of relevant 
variables. 
 
 
 
 
 
141 
 
Regression equation 
Activity U mL-1 of OPH y= 542.67 + (-77.39A) + (+110.35B) + (+113.42C) + (+36.51D) + 
(+20.94E) + (+49.20F) + (-74.39AB) + (-48.37AC) + (-61.63AF) + (+98.75BC) + 
(+40.13CD) + (+43.00CF) + (+36.48DE) + (+24.37DF) + (+24.37DF) + (-4.16EF) + 
(+65.02A2) + (-143.62B2) + (-106.68C2) + (-103.27D2) + (-89.11E2) + (-125.09F2) ----“z” 
 
The Model F-value of 80.29 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than 0.0500 
indicate model terms are significant. In this case A, B, C, D, E, F, AB, AC, AF, BC, CD, CF, 
DE, DF, A2, B2, C2, D2, E2, F2 are significant model terms (Table 4.21). While non significant 
terms were AD, AE, BD, BE, BF, and CE, with F values of 0.4381, 0.1657, 0.4806, 0.5030, and 
0.4562, respectively. The "Lack of Fit F-value" of 0.79 implies the Lack of Fit is not significant 
relative to the pure error. There is a 68.54% chance that a "Lack of Fit F-value" this large could 
occur due to noise. Non-significant lack of fit is good as we want the model to fit (Table 4.22). 
The "Pred R-Squared" of 0.9485 is in reasonable agreement with the "Adj R-Squared" of 
0.9758; i.e. the difference is less than 0.2. The R squared for the model was 0.988, which 
indicate that 98.8 % variability is predicted by the model, which is highly significant. Adeq. 
precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your ratio of 
31.396 indicates an adequate signal. The results indicate that this model can be used to navigate 
the design space. 
Three dimensional response surface curves obtained after process optimization for the 
production of OPH by B. parabrevis SR2729-B are presented in Fig. 4.50-4.54. The response 
surface graphs present the two factors interaction by keeping the remaining factors constant. 
Optimum production of OPH with 650 U mL-1 was observed at pH 4.0, temperature 52.5, 
incubation time 72 h, carbon source 0.05, nitrogen source 0.05, and pesticide 10%. For more 
detail, the contour plots for the interaction of factors at optimum production level are shown in 
Fig. 4.55-59.  The contour plot 4.55 shows A versus B, that is pH versus temperature, while the 
factor C (incubation time) is fixed in the centeral point at its actual values. Similarly, 4.56, 4.57, 
4.58 and 4.59 shows A vs C, A vs D, A vs E and A vs F, that is pH vs incubation time, pH vs 
carbon source, pH vs nitrogen source, and pH vs pesticide concentration, respectively.  
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Table 4.20. Diagnostic case statistics of experimental runs and observed response values (U 
mL-1) of 36 central composite design for mutant derived strain B. parabrevis 
SR2729-B 
Run order Actual value Predicted 
value 
Run order Actual value Predicted 
value 
1 250.00 264.10 28 78.00 53.10 
2 100.50 88.46 29 559.00 542.67 
3 90.00 116.00 30 490.00 476.02 
4 538.00 514.25 31 125.00 104.20 
5 650.00 638.88 32 150.00 158.37 
6 150.00 147.32 33 31.00 12.31 
7 129.70 128.34 34 77.00 48.02 
8 489.00 487.12 35 350.00 373.28 
9 62.00 75.00 36 115.00 136.80 
10 150.00 158.88 37 106.00 88.79 
11 582.00 564.41 38 210.00 195.51 
12 177.00 206.34 39 559.00 542.67 
13 555.00 542.67 40 310.00 330.31 
14 315.20 333.24 41 269.00 281.11 
15 110.00 93.65 42 112.00 114.08 
16 200.00 227.41 43 180.00 176.58 
17 320.00 319.13 44 120.00 121.17 
18 552.00 542.67 45 243.00 268.39 
19 90.00 93.37 46 85.00 78.34 
20 560.60 541.87 47 70.00 60.03 
21 460.00 443.91 48 175.00 151.27 
22 230.00 202.96 49 110.00 141.46 
23 212.00 208.77 50 481.00 542.67 
24 300.00 331.23 51 300.00 282.38 
25 75.00 81.46 52 200.00 229.29 
26 550.00 542.67 53 94.00 79.64 
27 320.00 322.26 54 300.00 312.23 
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Table 4.21. ANOVA for the optimization of OPH by mutant derived strain B. parabrevis 
SR2729-B   
Source Sum of 
Squares 
df Mean 
Square 
F Value p-value 
Prob > F 
 
Model 1.665E+006 27 61666.99 80.29 < 0.0001 Significant 
A 1.437E+005 1 1.437E+005 187.13 < 0.0001 Significant 
B 2.923E+005 1 2.923E+005 380.49 < 0.0001 Significant 
C 3.087E+005 1 3.087E+005 401.93 < 0.0001 Significant 
D 31995.90 1 31995.90 41.66 < 0.0001 Significant 
E 10521.09 1 10521.09 13.70 0.0010 Significant 
F 58085.52 1 58085.52 75.62 < 0.0001 Significant 
AB 44268.00 1 44268.00 57.63 < 0.0001 Significant 
AC 18721.13 1 18721.13 24.37 < 0.0001 Significant 
AD 476.33 1 476.33 0.62 0.4381 non-Significant 
AE 1562.41 1 1562.41 2.03 0.1657 non-Significant 
AF 30381.13 1 30381.13 39.55 < 0.0001 non-Significant 
BC 78012.50 1 78012.50 101.57 < 0.0001 Significant 
BD 393.40 1 393.40 0.51 0.4806 non-Significant 
BE 354.38 1 354.38 0.46 0.5030 non-Significant 
BF 439.56 1 439.56 0.57 0.4562 non-Significant 
CD 12880.13 1 12880.13 16.77 0.0004 Significant 
CE 1352.00 1 1352.00 1.76 0.1961 non-Significant 
CF 29584.00 1 29584.00 38.52 < 0.0001 Significant 
DE 10643.41 1 10643.41 13.86 0.0010 Significant 
DF 4753.12 1 4753.12 6.19 0.0196 Significant 
EF 138.61 1 138.61 0.18 0.6745 Significant 
A2 43477.57 1 43477.57 56.60 < 0.0001 Significant 
B2 2.122E+005 1 2.122E+005 276.23 < 0.0001 Significant 
C2 1.171E+005 1 1.171E+005 152.41 < 0.0001 Significant 
D2 1.097E+005 1 1.097E+005 142.80 < 0.0001 Significant 
E2 81676.70 1 81676.70 106.34 < 0.0001 Significant 
F2 1.610E+005 1 1.610E+005 209.56 < 0.0001 Significant 
Residual 19970.33 26 768.09    
Lack of Fit 15341.00 21 730.52 0.79 0.6854 not significant 
Pure Error 4629.33 5 925.87    
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Cor Total 1.685E+006 53     
 
Table 4.22. Lack of fit test for the model for process optimization of OPH by mutant 
derived strain (B. parabrevis SR2729-B) 
Source Sum of 
Squares 
df Mean 
Square 
F Value p-Prob > 
F value 
 
Linear 8.350E+005 42 19882.00 21.47 0.0014  
2FI 6.011E+005 27 22262.37 24.04 0.0011  
Quadratic 15341.00 21 730.52 0.79 0.6854 Suggested 
Cubic 1048.46 3 349.49 0.38 0.7738 Aliased 
Pure Error 4629.33 5 925.87    
 
Table 4.23. Final optimized medium composition for the enhanced production of OPH by 
parental and mutant derived strains 
Bacterial 
strains 
pH Temp. 
°C 
Incubation 
time (h) 
Cabon 
source 
(%) 
Nitrogen 
source 
(%) 
Pesticide 
(%) 
Trypton 
(%) 
NaCl 
(%) 
B. parabrevis 
SR2729 
6.0 52.5 40.5 0.05 0.05 6.0 1.0 0.5 
B. parabrevis 
SR2729-A 
4.0 52.5 72 0.05 0.05 10 1.0 0.5 
B. parabrevis 
SR2729-B 
4.0 52.5 72 0.05 0.05 10 1.0 0.5 
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Fig. 4.50. Statistical 3D surface model of the combined effect of pH and temperature for 
OPH activity from parental strain B. parabrevis SR2729-B 
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Fig. 4.51. Statistical 3D surface model of the combined effect of pH and incubation time for 
OPH activity from parental strain B. parabrevis SR2729-B 
 
Fig. 4.52. Statistical 3D surface model of the combined effect of pH and carbon source for 
OPH activity from parental strain B.parabrevis SR2729-B 
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Fig. 4.53. Statistical 3D surface model of the combined effect of pH and nitrogen source for 
OPH activity from parental strain B. parabrevis SR2729-B 
 
Fig. 4.54. Statistical 3D surface model of the combined effect of pH and pesticide 
concentration for OPH activity from parental strain B. parabrevis SR2729-B 
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Fig. 4.55. Contour plot for interaction of pH and temperature for process optimization of 
OPH by B. parabrevis SR2729-B 
 
Fig. 4.56. Contour plot for interaction of pH and incubation time for process optimization 
of OPH by B.parabrevis SR2729-B 
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Fig. 4.57. Contour plot for interaction of pH and carbon source for process optimization of 
OPH by B. parabrevis SR2729-B 
 
Fig. 4.58. Contour plot for interaction of pH and nitrogen source for process optimization 
of OPH by B. parabrevis SR2729-B 
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Fig. 4.59. Contour plot for interaction of pH and pesticide concentration for process 
optimization of OPH by B. parabrevis SR2729-B 
 The application of RSM instead of classical approach of one factor at a time significantly 
reduced the empirical efforts required. The possibilities, of determining the true optimal 
conditions for the production of OPH increased due to study on interaction effects of six 
variables at the same time. The optimized conditions for enhanced production of OPH are 
mentioned in Table 4.23. The modified LB medium was obtained after the optimization of 
conditions by RSM, with 6 factors at three levels. The optimum pH for B. parabrevis SR2729 
(paretnal strain) was 6.0, while for mutant derived strains B. parabrevis SR2729-A and B. 
parabrevis SR2729-B was 4.0, respectively. The temperature for the optimum production of 
OPH was 52.5°C for parental and mutant derived strains. The OPH was hyper-produced at very 
low concentrations of carbon and nitrogen sources for all three strains. While the ingredients of 
LB medium trypton and NaCl were of same percentage for all the strains, that is 1.0 and 0.5, 
respectively. Chen et al. (2012) reported the optimum pH, temperature and incubation time of 
6.5, 26.8°C, and 4.7 days, respectively. The work of Chen et al. (2012) was based on the 
optimization of fungal degradation of chlorpyrifos by RSM. Usharani and Muthukumar (2013) 
utilized RSM for the enhanced degradation of methylparathion using Fusarium sp. While Anwar 
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et al. (2009) optimized the degradation of chlorpyrifos by classical approach, where test 
variables were pH, inoculums concentration, carbon source and pesticide concentrations. 
However, no work has been reported on optimization of conditions for the enhanced production 
of OPH for chlorpyrifos degradation. Present work has the novelty of explaning the research 
work for the enhanced production of OPH by mutant derived strains of B. parabrevis SR2729 
through physical and chemical mutagenesis and process optimization by RSM.  
 
4.6. Purification of OPH 
4.6.1. Ammonium sulfate precipitation 
 Ammonium sulfate precipitation is an early purification step for proteins, which is useful 
for the effective precipitation of required proteins which are further altered before subsequent 
purification steps and dialysis (Nelson and Cox, 2008). Voet et al. (1999) reported that 
(NH4)2SO4 salt posses strong ionic strength and high solubility, thus is very effefctive to 
precipitate out the proteins from the test protein suspensions. 
 Crude enzyme suspension was subjected to 30-50% saturation level to precipitate out 
OPH. The sediments were dialyzed using Tris-HCl buffer (pH 8) subjected to enzyme analysis 
and estimation of protein contents. The activity of the enzymes from three strains (parental and 
mutant derived strains: B. parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis 
SR2729-B) after each precipitation step decreased; with decrease in protein contents; whereas 
the specific activity of the enzymes increased correspondingly. The highest specific activity was 
observed in desalted enzyme suspensions for all three strains. Trends of specific activity and 
protein contents for mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-
B are shown in Figs. 4.60, 4.61 and 4.62, respectively.  
 The dialyzed sample of OPH from parental strain SR2729, showed the specific activity of 
191.6 U mg-1, while the enzyme from mutant derived strain B. parabrevis SR2729-A and B. 
parabrevis SR2729-B, the specific activity was 289.4 and 277.1 U mg-1, respectively. The 
protein contents after dialysis of OPH from parental B. parabrevis SR2729 and mutant derived 
strains B. parabrevis SR2729-A, and B. parabrevis SR2729-B were 1.2, 1.3 and 1.5 mg mL-1, 
respectively. The similarity between the protein contents and the difference in specific activities 
of OPH from parental and mutant derived strains indicate that, there was difference in the 
potential of the enzyme for the activity against chlorpyrifos. Ninfeng et al. (2004) isolated and 
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purified OPH by ammonium sulfate precipitation (20-90%), where dialysis was performed using 
Tris-HCl buffer (pH 9). The activities of the enzyme from samples A, B, and C, were 0.0, 0.208 
and 0.198 U mL-1, respectively. The activities OPH from parental and mutant derived strains 
were 1105, 1809 and 1995 folds greater than their reported enzyme from sample B. Rowland et 
al. (1991) performed the ammonium sulfate precipitation at saturation level of 30 to 50%. They 
obtained 9867 of enzyme activity, with 12 U mg-1 specific activity.  The specific activity of OPH 
by parental and mutant derived strais B. parabrevis SR2729, B. parabrevis SR2729-A and B. 
parabrevis SR2729-B are 15.9, 24.11 and 23.0 folds higher than reported by Rowland et al. 
(1999). Such results indicate the potential of bacterial strains for the production of OPH 
compared to fungal strains. Gao et al. (2012) however, used ammonium sulfate at oncentratios of 
20-90 % to precipitate out OPH, which is very broad range to specicifally precipitate out the 
enzyme. The range 30-50 % was found suitable for the effective precipitation of OPH enzyme 
from parental and mutant derived strains of B. parabrevis SR2729. The specific activity of OPH 
from Cladosporium sp. Hu-01 was 0.6±0.1 U mg-1, where OPH specific activity from strain B. 
parabrevis SR2729-B was 461 folds higher than reported by them.  
 
 
Fig. 4.60. Ammonium sulfate precipitation of OPH by parental strain B. parabrevis SR2729 
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Fig. 4.61. Ammonium sulfate precipitation of OPH by mutant derived strain B. parabrevis 
SR2729-A 
 
 
Fig. 4.62. Ammonium sulfate precipitation of OPH by mutant derived strain B. parabrevis 
SR2729-B 
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4.6.2. Ion exchange chromatography 
Separation through ion exchange chromatography utilizes the differences in the charge 
and potential of charges on proteins at a given pH values. Nelson and Cox (2008) reported that 
the resemblance of the proteins for the charged groups depends upon the pH and salt 
concentration of free salt ions in adjacent protein suspension. 
Dialyzed OPH enzyme from parental and mutant derived strains was subjected to 
purification by DEAE-cellulose chromatography. It was reported that ion exchange resins such 
as diethyl aminoethyl (DEAE) sephadex and diethyl aminoethyl cellulose are used for the 
separation of proteins on the basis of ions. The DEAE-cellulose has been reported to be effective 
for its particle size and high density microgranules, forming a more thickly permeable bed. Such 
structural properties of DEAE-cellulose make it more suitable for the higher resolution of 
proteins (Umbreen, 2011). Fractions collected after DEAE-cellulose chromatography were 
analyzed for activity, protein and specific activity of OPH. The activities and specific activities 
of OPH enzymes from parental B. parabrevis SR2729, and mutant derived strains B. parabrevis 
SR2729-A, B. parabrevis SR2729-B are presented in Fig. 4.63- 4.65, respectively. The specific 
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activity of OPH from parental strain B. parabrevis SR2729 was 404 U mg-1 while for mutant 
derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B it was 662 and 693 U mg-
1, respectively. After DEAE cellulose chromatography, 43.5 U mg-1  specific activity was 
observed for an OPH called paraoxonase enzyme from sulfolobus solfataricus P1 (Park et al., 
2008). The specific activity of 121 Umg-1 was obtained after ion exchange chromatography by 
MonoS cation chromatography column. The differences in specific activities could be due to the 
difference in source of enzyme and types of column. The specific activity of OPH obtained by B. 
parabrevis SR2729 was 3.33 folds greater than their reports. While the specific activity of 
mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B was 1.64 and 1.71 
folds greater than the parental strain B. parabrevis SR2729.  
After DEAE-cellulose chromatography of the enzyme from parental B. parabrevis 
SR2729 and mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B, the 
protein contents were 0.5, 0.456, 0.57 mg mL-1, respectively. The percent recovery of the 
enzyme from B. parabrevis SR2729 was 78.3 %, while from B. parabrevis SR2729-A and B. 
parabrevis SR2729-B it was 54.5 and 66.7, respectively. The higher specific activities for mutant 
derived strains showed increased purification of OPH activity as compared to crude enzyme 
suspension. 
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Fig. 4.63. Activity and specific activity of OPH enzyme form parental strain B. parabrevis 
SR2729 after ion exchange chromatography 
 
 
Fig. 4.64. Activity and specific activity of OPH enzyme form mutant derived strain B. 
parabrevis SR2729-A after ion exchange chromatography 
 
 
Fig. 4.65. Activity and specific activity of OPH enzyme form mutant derived strain B. 
parabrevis SR2729-B after opn exchange chromatography 
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4.6.3. Gel Filtration chromatography  
 Gel filtration chromatography or size exclusion chromatography separates the proteins on 
the basis of their size. The larger particles are eluted first while the smaller proteins are hidered 
for movement. The solid resin of the sephadex consists of cross linked polymers of specific size, 
which donot allow the enterance of the large protein molecules, thus they pass through the gel 
withour entering the gel pores. However, the smaller proteins are entrapped into the cavities, thus 
are slowed down for the movement through the column. It was reported that the wide application 
of gel filtration chromatography is due to its simplicity and rapidity. Additionally, the method is 
proved to be economical, and highly gentle towards proteins, as it does not cause the 
denaturation of the proteins (Umbreen, 2011; Nelson and cox, 2008). 
 For the purification of the enzyme by gel filtration chromatography, 25 fractions of 2 mL 
each were collected by Sephades-G-75 column. The parental strain B. parabrevis SR2729 
obtained 935 U mg-1 specific activity, while, mutant derived strains B. parabrevis SR2729-A, 
and B. parabrevis SR2729-B obtained 1521 and 1911 U mg-1 specific activities, respectively. 
The analysis of specific activity resulted in an increased value for the mutant derived strains as 
compared to parental strain. Where, enzyme from mutant derived strain B. parabrevis SR2729-B 
was observed with highest specific activity, which was 2.04 folds greater than parental strain. 
The specific activities of 25 fractions of parental B. parabrevis SR2729 and mutant derived 
strains B. parabrevis SR2729-A and B. parabrevis SR2729-B are presented in Fig. 4.66-4.68. 
Protein contents by B. parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A 
and B. parabrevis SR2729-B were 0.25, 0.204 and 0.19 mg mL-1, correspondingly.  
 The reported enzyme specific activity is in agreement with Rowland et al. (1991) who 
reported 1431 U mg-1 specific activity of OPH enzyme after gel filtration chromatography, and 
fold purification was 113 folds. Hiblot et al. (2011) reported the separation of OPH by size 
exclusion chromatography by using S75-16-60. After purification by gel filtration 
chromatography, there was 11.6 folds purification of OPH by B. parabrevis SR2729 (parental 
strain), while for mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B it 
was 14.1 and 20.01 folds, respectively. Gao et al. (2012) reported 20.0 folds purification after gel 
filtration chromatography. Only B. parabrevis SR2729-B was in agreement with their findings, 
while fold purification of OPH from B. parabrevis SR2729 and B. parabrevis SR2729-A was 
lower than 20 folds. Percent recovery of OPH from parental and mutant derived strains B. 
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parabrevis SR2729, and B. parabrevis SR2729-A and B. parabrevis SR2729-B was 72.4, 52.2 
and 61.3%, respectively. Highest enzyme recovery was obtained by parental strain B. parabrevis 
SR2729, while B. parabrevis SR2729-B and B. parabrevis SR2729-A followed, consecutively. 
Rowland et al. (1991) reported the percent yield of 16 after gel fitration chromatography by 
Sephadex-G-100. The value was significantly lower than the enzyme from parental and mutant 
derived strains of SR2729. The detailed summary of purification of OPH by parental B. 
parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-B and B. parabrevis 
SR2729-A is presented in Tables 4.24, 4.25 and 4.26, respectively.  
 
Fig. 4.66. Activity and specific activity of OPH from parental strain B. parabrevis SR2729 
after gel filtration chromatography 
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Fig. 4.67. Activity and specific activity of OPH from mutant derived strain B. parabrevis 
SR2729-A after gel filtration chromatography 
 
 
 
Fig. 4.68. Activity and specific activity of OPH from mutant derived strain B. parabrevis 
SR2729-B after gel filtration chromatography 
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Table 4.24. Summary table for the purification of OPH by the parental strain B. parabrevis 
SR2729 
Purification step Activity  
(U mL-1) 
Protein  
(mg mL-1) 
Specific 
activity  
(U mg-1) 
Folds 
purification 
% 
recovery 
Crude extract 258  4  64.5  1  100  
(NH4)2SO4  
precipitation  
230  1.2  191.6  2.97  89.14  
Ion exchange  
chromatography 
202  0.5  404  6.2  78.3  
Gel filtration  
chromatography 
187  0.25  748  11.6  72.4  
 
 
Table 4.25. Summary table for the purification of OPH by mutant derived strain B. 
parabrevis SR2729-A 
Purification step  Activity  
(U mL-1)  
Protein  
(mg mL-1)  
 Specific 
activity 
(U mg-1)  
Folds 
purification  
% 
recovery  
Crude extract  553.4 5.5 100.6 1 100 
(NH4)2SO4  
precipitation 
376.34 1.3 289.4 2.87 68 
Ion exchange  
chromatography 
302 0.456 662 6.58 54.5 
Gel filtration  
chromatography 
289 0.204 1416 14.1 52.2 
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Table 4.26. Summary table for the purification of OPH by mutant derived strain B. 
parabrevis SR2729-B 
Purification step  Activity  
(U mL-1)  
Protein  
(mg mL-1)  
Specific 
activity 
(U mg-1)  
Folds 
purification  
% 
recovery  
Crude extract  592.1 6.2 95.5 1 100 
(NH4)2SO4  
precipitation 
415.7 1.5 277.1 2.9 70.2 
Ion exchange  
chromatography 
395 0.57 693 7.25 66.7 
Gel filtration  
chromatography 
363 0.19 1911 20.01 61.3 
 
 
 
4.7. SDS PAGE  
The purified OPH was subjected to characterization by SDS-PAGE. Stacking and 
running gels were 5 and 12 % respectively.  The gel was stained by coomassie blue brilliant and 
observed in light for the formation of protein bands. Staining resulted in the formation of single 
and sharp bands of purified OPH parental B. parabrevis SR2729 and mutant derived strains B. 
parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis SR2729-B. The single bands 
indicate the protein was purified after gel filtration chromatography and has no subunits in 
structure. The results are in agreement with Gao et al. (2012) who reported a single band of 
chlorpyrifos hydrolase after gel filtration chromatography by using sepharyl S-100.  
The bands of OPH from all the strains were close to marker protein glyceraldehyde-3-
phosphate dehydrogenase which has molecular weight 36 kDa. So, it was stated that the OPH 
from parental B. parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A and B. 
parabrevis SR2729-B was 37 kDa. The results for SDS-PAGE of OPH are sown in Fig. 4.69, 
where lanes 1, 2 and 3 indicate the bands of OPH for B. parabrevis SR2729 (parental) and B. 
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parabrevis SR2729-A, B. parabrevis SR2729-B (mutant derived strains), respectively. While the 
lane labeled as M is for marker protein (range= 6500-66000 Da SigmaMarkerTM). The results are 
in close agreement with Ninfeng et al. (2004) they reported a monomeric OPH enzyme of 35 
kDa after purification from Pseudomonas pseudoalcaligenes. In earlier research, Dumas et al. 
(1989) also reported the enzyme as monomeric protein. Gao et al. (2012) reported the purified 
chlorpyrifos hydrolase of 38.7 kDa after SDS-PAGE. Rowland et al. (2001) also reported the 
purified parathion hydrolase of 35 kDa molecular weight by SDS-PAGE. The modes of 
purification were similar but the difference between the molecular weights must be due to source 
variations among studies. The arylesterase from sulfolobus solfataricus resulted in single band 
after SDS-PAGE with molecular weight of 35 KDa (Park et al., 2008). The heterodimeric 
enzyme was purified by Das and Singh (2006) with molecular weight of 43 and 41 kDa from 
Clavibacter michiganense subsp. and Pseudomoas aeruginosa F10B, respectively.  Similartly 
the OPH enzyme (parathion hydrolase) by Penecillium lilacinum BP303 strain reporte by Liu et 
al. (2004) was 60 kDa, which is of huge difference from our findings. It can be concluded that 
the size of the enzyme from variable sources varies and it also depends on the nature of substrate 
catalyzed. 
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Fig. 4.69.   SDS-PAGE of purified OPH parental and mutant derived B. parabrevis strains  
The band in First, second and third wells were from OPH from parental strain B. parabrevis SR2729, and mutant 
derived strains B. parabrevis SR2729-A and B.  parabrevis SR2729-B, respectively. The last well indicates the marker 
(Sigma 6,500-66,000 Da). 
 
 
 
 
 
 
 
 
 
 
4.8. Characterization of the enzyme 
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3.8.1. Kinetic studies of OPH enzymes 
Effect of pH, temperature and substrate concentration was studied on purified OPH 
enzymes from parental and mutant derived strains. The change in activity was observed at 
variable levels of the stated factors.  
 
4.8.1.1. Effect of pH   
Enzymes are protein in nature and have a specific pH, at which they show highest 
activity.  Nelson and Cox (2008) stated that the evaluation of a range of pH for the enyme 
activity can provide the valuable information about the presence of specific amino acid residues 
on the active site. Huma (2011) reported that, the peripheral amino acids are called non-essential 
amino acids, and the ionization of these residues may result in the deformation of the active site, 
which can ultimatgely affect the activity of the enzyme.   
A wide range of pH (3-10) was analyzed for the behavior of OPH from parental B. 
parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A and B. parabrevis 
SR2729-B. With a point difference of 0.5, the enzyme activity was analyzed after subjecting the 
enzyme to variable pH levels of 3-10. The optimum pH for the enzyme from parental strain B. 
parabrevis SR2729 was 8.0, while for mutant derived strains B. parabrevis SR2729-A and B. 
parabrevis SR2729-B, the optimum pH was 6.5 and 8.5, respectively. OPH from B. parabrevis 
SR2729-A showed a significant difference in pH. The changed trend of behavior of enzyme at 
low pH indicates its resistance against acidic pH environment; which may be due to UV 
irradiation of B. parabrevis SR2729 and it can be predicted that, the ultraviolet irradiation may 
have caused a change in oph gene. The result for the enzyme from B. parabrevis SR2729-A is in 
agreement with Gao et al. (2012). They reported the activity of chlorpyrifos hydrolase at pH rage 
of 4-10, where the optimum activity was observed at pH 6.5. The results for effect of pH on 
activity of OPH by parental strain B. parabrevis SR2729 and mutant derived strains B. 
parabrevis SR2729-A and B. parabrevis SR2729-B are shown in Fig 4.70-4.72, respectively. 
Zheng et al. (2007) and Cheng et al. (1998) studied the enzyme activity at variable pH and 
reported the optimum pH for OPH to be 8.0 and 8.5, respectively. Another OPH, parathione 
hydrolase showed the activity against parathion at pH range of 7.5-10.5, while the optimum pH 
was 10.5. The activity was quickly lost below the pH 6.5 (Rowland et al., 1991). A structurally 
different OPH enzyme was reported by Liu et al. (2004) from Penecillium lilacinum BP303 
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strain. The optimum pH for the function of the enzyme was 7.5, which is lower than that of OPH 
from parental strain of SR2729, reported in present research work. The difference in optimum 
pH level may be due to differences in structure and mechanism of the enzymes for different 
substrates. 
 
 
Fig. 4.70. Effect of pH on activity of OPH by parental strain B. parabrevis SR2729 
 
Fig. 4.71. Effect of pH on activity of OPH by mutant derived strain B. parabrevis SR2729-A 
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Fig. 4.72. Effect of pH on activity of OPH by mutant derived strain B. parabrevis SR2729-B 
  
4.8.1.2. Effect of temperature 
Temperature plays an important role in catalysis of a reaction by the enzyme. Same as pH 
there is a specific temperature, at which the enzymes possess highest of its activcity. Such 
temperature is called optimum temperature. The increased temperature ceuses the enzymes 
denaturation and most of the enzymes completely lose activity above 50°C. To study the affect 
of temperature, the enzymatic reaction of OPH was observed for change in activity at various 
temperatures. The changing trend of activity of the enzyme can be observed for parental strain B. 
parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A and B. parabrevis 
SR2729-B in Fig 4.73- 4.75. The optimum activity of OPH from B. parabrevis SR2729 was 
observed at 45°C, where, both mutant derived strains also showed optimum activity at 45°C. The 
optimum activity of OPH from B. parabrevis SR2729 was 135 U mL-1, whereas from mutant 
derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B, the enzyme showed 291 
and 288 U mL-1, respectively. Above 45°C, the significant decrease in acitivity was observed for 
OPH from parental B. parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A 
and B. parabrevis SR2729-B. The results are in close agreement with Xie et al. (2005) who 
reported the optimum activity of enzyme at 40 °C. It was observed that the optimum temperature 
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for chlorpyrifos hydorlase was 40 °C, with a significant decrease in activity above 50 °C, and the 
enzyme nearly inactivated above 60 °C within 10 minutes of incubation (Gao et al., 2012). The 
results are in agreement with Rowland et al. (1991) who reported the optimum activity of 
parathione hydrolase enzyme at 45 °C, while the activity decreased above 50 °C. However, 
Gotthard et al. (2013) reported an OPH with parathion hydrolyzing activity from a mesophilic 
bacterial strain and the enzyme showed optimum activity at 66 °C. This much high activity 
indicates the thermal stability of the enzyme above 50 °C, while it shows great difference from 
the present research work. Such a high thermal stability might be due to the difference of source 
of the enzyme.  
 
 
Fig. 4.73. Effect of temperature on activity of OPH by parental strain B. parabrevis SR2729 
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Figure 4.74. Effect of temperature on activity of OPH by mutant derived strain B. 
parabrevis SR2729-A 
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Fig. 4.75. Effect of temperature on activity of OPH by mutant derived strain B. parabrevis 
SR2729-B 
4.8.1.3. Effect of substrate concentration  
The substrate concentration plays impotant role in the enzyme catalyzed reactions. At 
very low concentrations of substrate, the maximum rate of enzyme catalyzed reactions is not 
reached, while at higher substrate concentrations, the rate of reaction becomes constant. Bhatt 
(2000) said that velocity of the reaction increases as the concentration of substrate is increased. If 
the substrate concentration is increased upto certain point, the enzyme becomes saturated. At this 
point, the rate of reaction reaches the maximum value because all the active sites are bound to 
substrate and thus the rate is unaffected by the further increase of substrate.  
Changing substrate concentration causes the change in the enzyme activity and its 
behavior towards the substrate. The kinetic constants are suitable means to describe the effect of 
substrate concentration on enzyme activity. Bhatt (2000) stated that Km reflects the affinity of 
the substrate towards the substrate. If more than one subsntate are involved in the enzyme 
catalysis, than the substrate with lowest Km value is preffered. The Km is also related to the 
ability of conversion of substrate into product per unit time, which is called turnover number. 
The turnover number is denoted by  
Vmax = Kcat[E0]. 
So, the smaller the Km value, greater will be the affinity of the enzyme for the substrate. 
The turnover number (Kcat) is determined by dividing the activity of the enzyme to the 
concentration of the enzyme sites in the reaction mixture. The substrate specificity constant (Ks) 
is the ratio of Kcat/Km, and it measures the catalytic efficiency of the enzyme-substrate pair. The 
michaelis-menten constant and Vmax were determined by the re-arrangements of Michaelis 
Menten equation 
1
𝑣˳
=
Km
𝑉𝑚𝑎𝑥
.
1
[𝑆]
+
1
Vmax
 
 
Woolf-Hanes plots are the preffered method for the determination of kinetic constant and 
Vmax of the reaction. These graphs are formulated by using the Lineweaver Burk equation, 
which results by the re-arrabgements of Michaelis Menten equation. 
Lineweaver Burk equation 
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[𝑆]
𝑣
=
[S]
𝑉𝑚𝑎𝑥
+
Km
𝑉𝑚𝑎𝑥
 
The kinetic constant Km, and Vmax values were determined by subjecting the enzyme 
suspension to chlorpyrifos 0.00-0.9 mM. Chlorpyrifos is the substrate used by enzyme OPH to 
degrade it into main degrading compound TCP. The observed Km values for OPH by parental 
strain B. parabrevis SR2729 was 6.5 mM, while from mutant derived strains B. parabrevis 
SR2729-A and B. parabrevis SR2729-B, the enzyme showed Km of 6.2 and 11.11 mM, 
respectively. The Vmax values for parental SR2729 and mutant derived strains B. parabrevis 
SR2729-A and B. parabrevis SR2729-B were 33.3, 50 and 100 U mL-1. Highest Km value of 
11.11 mM was observed by enzyme from mutant derived strain B. parabrevis SR2729-B. A 
higher Km value indicates the greater affinity of enzyme for substrate. Whereas doubled Vmax 
value was also obtained by the same enzyme as compared to the enzyme from B. parabrevis 
SR2729-A which indicates that the enzyme is capable of degrading greater amount of substrate 
at higher rate as compared to both other strains. Lineweaver burk plots for the determination of 
Vmax and Km values of OPH from parental B. parabrevis SR2729 and mutant derived strains B. 
parabrevis SR2729-A and B. parabrevis SR2729-B are shown in Fig. 4.76-4.78.  
Kcat values for OPH was 166.5, 263.15 and 526.3 S-1 for OPH from parental and mutant 
derived strains B. parabrevis SR2729, B. parabrevis SR2729-A, and B. parabrevis SR2729-B, 
respectively. While the Ks values were 25.6, 42.44 and 47.37S-1 mM-1 for parental and both 
mutant derived strains, respectively. The specificity constantat (Ks) of the enzyme from B. 
parabrevis SR2729-A and B. parabrevis SR2729-A was 165 and 184 % greater as compared to 
parental strain B. parabrevis SR2729. Kcat of B. parabrevis SR2729-A and B. parabrevis 
SR2729-B was 158 and 315 % higher in comparison to parental strain B. parabrevis SR2729.  
Km values for OPH from the parental and variant strain A1030 of Flavobacterium sp. 
were 0.26 and 0.51 mM, respectively. The detailed information on the kinetic parameters for 
OPH from parental and mutant derived strains is shown in Table 4.27. (Cho et al., 2004). The 
Km obtained by the parental strain B. parabrevis SR2729 was 25 folds higher than the Km of 
parental strain of Flavobacterium sp. While it was 42 folds higher for the mutant derived strain 
B. parabrevis SR2729-B as compared to A1030 Flavobacterium sp. Benning et al. (1994) 
reported that the Vmax and Km values for OPH were 0.035 mM min-1 and 0.19 mM. Hiblot et al. 
(2012) reported a highly stable OPH with catalytic specificity (Ks) Kcat/Km of 105 M-1S-1.   
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Fig. 4.76. Lineweaver-burk plot for OPH  by parental strain B. parabrevis SR2729 
 
Fig. 4.77. Lineweaver-burk plot for OPH by mutant derived strain B. parabrevis SR2729-A 
172 
 
 
 
Fig. 4.78. Lineweaver-burk plot for OPH by mutant derived strain B.parabrevis 
SR2729-B 
 
 
Table 4.27. Summary of kinetic parameters for OPH by parental and mutan derived 
strains 
Bacterial strains Km (mM)  Vmax (U mL-1)  Kcat  (S-1) Ks S-1 mM-1 
B. parabrevis SR2729  6.5  33.3  166.5  25.6 
B. parabrevis SR2729-A  6.2  50  263.15 42.44 
B. parabrevis SR2729-B  11.11  100  526.3  47.37 
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4.8.2. Thermodynamics 
In the enzyme catalyzed reactions, the temperaruture is the most important factor for 
controlling the rate of the reaction. The enzymes are thermodynamically stable at particular 
temperature, where thermostability is the capability of the enzyme to resist the denaturation 
against thermal increment. Similar to all other proteins, enzymes are stable at the eminent 
temperatures (Umbreen, 2011). Where thermal denaturation of the enzymes occur in two well 
known steps 
Enzyme    Intermediate state           Denatured enzyme 
Where, increase in temperature, causes the enzyme to get into an intermediate state, 
which can be reversed by decreasing the temperature to normal. On the other hand, further 
increase in temperature, can result the denaturation of enzyme, which cannot be recovered by 
decreasing the temperature. 
Thermal denaturation is the phenomenon that causes the enzymes to denature at high 
temperatures. An intermediate state in which the enzyme can reversibly refold, leads to the 
complete denaturation of the enzyme, after the long time exposure to heat. Thermal denaturation 
of the enzymes occurs due to disruption of non-covalent associations, and hydrophobic 
interactions. This denaturation of the structure of the enzyme increases the disorderliness of the 
reaction, which leads to increase in enthalpy of the thermal denaturation of the enzyme (Vieille 
and Zeikus, 1996). 
Thermodynamic parameters of purified enzymes from B. parabrevis SR2729, B. 
parabrevis SR2729-A and B. parabrevis SR27269-B were studied using following equations 
ΔG* = -RT ln (kd.h/kb.T) 
ΔH* = Ea-RT 
ΔS* = ΔH-ΔG/T 
 t1/2 = half life of the enzyme = 0.693/kd 
ΔH* = Change in enthalpy of the reaction = Ea-RT 
ΔG* = Change in free energy of reaction = -RT ln(kd.h/kb.T) 
ΔS* = Change in entropy of the reaction = ΔH-ΔG/T 
“*” is used to mention the reaction of thermal denaturation  
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The thermal denaturation of the enzymes from B. parabrevis SR2729 and mutant derived 
strains B. parabrevis SR2729-A and B. parabrevis SR2729-B are presented in Fig. 4.79- 4.81. 
Half life of the enzyme is the time at which half of the enzyme is denatured. The values of half 
life of the enzymes at 45 °C were 58, 169, and 145 min-1 for B. parabrevis SR2729, and B. 
parabrevis SR2729-A, and B. parabrevis SR2729-B, respectively. The half life of OPH from 
mutant derived strains was remarkabley higher as compared to parental strain, indicating the 
greater stability of the enzyme from mutant derived strains at 45°C. While, at 80 °C, the trend 
was same 21.58, 46, and 45.3 min-1, for parental and mutant derived strains (Tables 4.28, 4.29 
and 4.30). Das and Singh, (2006) reported phosphotriesterase from Clavibacter michiganense 
subsp. and Pseudomonas aeruginosa F10B with half life of 6.4 and 7.3 hours at 50°C. This 
difference in thermal stability may be difference in source of enzymes. A highly thermally stable 
enzyme was reported by Hiblot et al. (2012) from the thermostable strain Sulfolobus solfataricus. 
The melting temperature of the OPH was 104°C, with hlf life of 90 minutes (100°C). Such a high 
stability of the enzyme can be explained by the termostable source of the enzyme.  
The negative values of ΔS* (entropy of the denaturation reaction) were observed for OPH 
from B. parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis SR2729-B. Negative 
value of ΔS* indicate negligible disorderliness of the reaction of denaturation of OPH from all 
three strains.  ΔH* and ΔS* decreased with concomitant increase in temperature, which indicate 
the change in confirmation of OPH. At highest temperature (80°C), values of free energy of 
thermal denaturation of OPH (ΔG*) from parental B. parabrevis SR2729, B. parabrevis SR2729-
A, and B. parabrevis SR2729-B were 96.86, 99.12 and 99.06 kJ mol-1, respectively. The 
increasing trend of ΔG* for OPH from parental and mutant derived strains indicate the resistance 
of the enzyme for denaturation at 80°C. As, enzyme from mutant derived strains B. parabrevis 
SR2729-A and B. parabrevis SR2729-B, presented higher ΔG*, as compared to parental strain B. 
parabrevis SR2729; the enzyme from mutant derived strains was more stable as compared to 
parental strain.  The free evergy for the unfolding of OPH was 19.6 kcal mol-1 for the strain VR, 
which was 5.7 kcal mol-1 less than the wild strain (Reeves et al., 2008). The free energy of 
denaturation of the enzyme from all parental and mutant derived strains of SR2729 is higher than 
that of the unfolding of the enzyme. This indicates that the enzyme requires high free energy for 
the denaturation of the enzyme, and thus proved that the enzyme is highly stable as compared to 
the reported enzyme from VS strain.  
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Activation energy for thermal denaturation of enzyme is defined as the amount of energy, 
required to denature the enzyme. The activation energies for thermal denaturation of OPH from 
parental B. parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A and B. 
parabrevis SR22729-B were 73.14, 81.3, and 78.04 kJmol-1, respectively. The Arrhenius plots 
for the determination of activation energy for thermal denaturation are shown in Figs. 4.82, 4.83 
and 4.84, respectively. It can be observed that the Ea* for mutant derived strains is higher that 
the parental strain, which indicates the thermal stability of the enzyme from mutant derived 
strains as compared to native strain.  
 
 
 
Fig. 4.79. Irreversible thermal denaturation of OPH by parental strain B. Parabrevis 
SR2729 
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Fig. 4.80. Irreversible thermal denaturation of OPH by mutant derived strain B. Parabrevis 
SR2729-A 
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Fig. 4.81. Irreversible thermal denaturation of OPH by mutant derived strain B. Parabrevis 
SR2729-B 
 
Fig. 4.82. Formulation of Arrhenius plot for activation energy for irreversible thermal 
denaturation of OPH  by parental strain B. parabrevis SR2729 
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Fig. 4.83. Formulation of Arrhenius plot for activation energy for irreversible thermal 
denaturation of OPH by mutant derived strain B. parabrevis SR2729-A 
 
Fig. 4.84. Formulation of Arrhenius plot for activation energy for irreversible thermal 
denaturation of OPH by mutant derived strain B. parabrevis SR2729-B 
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Table 4.28. Thermodynamics of irreversible thermal denaturation of purified OPH by 
parental strain B. parabrevis SR2729 
Temperature 
(°C) 
Kd  
(min-1) 
t1/2 
 (min-1) 
ΔH*  
(kJ mol-1) 
ΔG*  
(kJ mol-1) 
ΔS* 
(J-mol.K) 
45 0.0118 58.7 70.57 88.29 -17.72 
50 0.01311 53.3 70.48 90.94 -20.46 
55 0.0148 46.82 70.45 91.82 -21.37 
60 0.01875 37.05 70.4 92.93  -22.53 
65 0.0196 35.35 70.36 94.16 -23.8 
70 0.0237 29.24 70.318 95.05 -24.74 
75 0.025 27.72 70.28 96.23 -25.95 
80 0.0321 21.58 70.24 96.86 -26.62 
Ea: Activation energy for thermal denaturation of the enzyme = 73.17 kJ mol-1 
 
Table 4.29. Thermodynamics of irreversible thermal denaturation of purified OPH by 
mutant derived strain B. parabrevis SR2729-A 
Temperature 
(°C) 
Kd  
(min-1) 
t1/2  
(min-1) 
ΔH*  
(kJ mol-1) 
ΔG* 
(kJ mol-1) 
ΔS* 
(J-mol.K) 
45 0.00408 169 78.70 91.05 -12.35 
50 0.00525 132 78.61 93.38 -14.76 
55 0.00454 152 78.58 95.03 -16.45 
60 0.00679 102 78.53 95.73 -17.20 
65 0.00729 95 78.49 96.94 -18.45 
70 0.0105 66 78.44 97.32 -18.88 
75 0.0125 55 78.41 98.23 -19.82 
80 0.0149 46 78.37 99.12 -20.75 
Ea = 81.3 kJ  mol-1 
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Table 4.30. Thermodynamics of irreversible thermal denaturation of purified OPH by 
mutant derived strain B. parabrevis SR2729-B 
Temperature 
(°C) 
Kd  
(min-1) 
t1/2  
(min-1) 
ΔH* 
 (kJ mol-1) 
ΔG*  
(kJ mol-1) 
ΔS * 
(J-mol.K) 
45 0.00475 145 75.44 90.66 -15.22 
50 0.00825 84.0 75.35 92.17 -16.82 
55 0.00907 76.4 75.32 93.18 -17.86 
60 0.00982 70.5 75.27 94.70 -19.43 
65 0.01236 56.3 75.23 95.25 -20.02 
70 0.0149 46.5 75.18 96.39 -21.21 
75 0.0126 55.0 75.15 98.23 -23.08 
80 0.0153 45.3 75.11 99.06 -23.95 
Ea = 78.048 kJ mol-1 
 
 
4.9. Degradation of chlorpyrifos 
4.9.1. Degradation of chlorpyrifos in soil 
 Biodegradation of chlorpyrifos plays important role in the regulation of the residual 
contents of this insecticide in the field but also determins the efficiency of its application in pest 
control applications. Microbial degradation of chlolrpyrifos has been reported by a variety of 
microbes before the exact mechanism of degradation was known. So, most of literature contains 
the degradation of chlorpoyrifos by the microbial strains, and does not focus on OPH enzyme 
(Mohapatra and Pattanaik, 2013). 
 The extraction of chlorpyrifos from soil can be performed by liquid/liquid extraction, 
solid phase extraction and soxhlet extraction. Soxhlet extraction technique is mostly used for the 
extraction of chlorpyrifos residues (Lewis et al. 1994; Fenske and Lu, 1990). After the 
degradation of chlorpyrifos, the residual contents were extracted from soil by Soxhlet extraction 
method. Wu et al. (2011) reported the extraction of chlorpyrifos through exhaustive and non 
exhaustive methods, while the highest recovery was reported by exhaustive procedure of soxhlet 
extraction. The extraction of chlorpyrifos by filtration technique was not significant compared to 
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soxhlet extraction. Soxhlet extracted samples of chlorpyrifos are typically determined by Gas-
chromatography; while thin layer chromatography and HPLC were also used (Bogus et al., 1990; 
Sherma and Slobodien 1984). The soil extract of chlorpyrifos in methanol, was examined by Gas 
chromatography with Electron Capture Detector (GC-ECD).   
 The chromatogram for the GC-ECD for chlorpyrifos standard solution is shown in Fig. 
4.85. While the chromatograms for GC-ECD of chlorpyrifos residues obtained after treatment 
with OPH from B. parabrevis SR2729 (Parental strain; sample 1), B. parabrevis SR2729-A and 
B. parabrevis SR2729-B (mutant derived strains; samples 2 and 3) are shown in Figs. 4.86-4.88. 
The retention time of chlorpyrifos in standard solution (100 mg L-1) was 8 minutes. The retention 
time for chlorpyrifos residues after OPH treatment from parental and mutant derived strains was 
also 8 minutes. On the other hand the concentration of chlorpyrifos was different for all. The 
quantification of chlorpyrifos from parental strain resulted in 52 mg kg-1 residues of chlorpyrifos. 
While the samples 2 and 3 resulted in 14 and 16 mg kg-1 chlorpyrifos residues. The degradation 
of chlorpyrifos by OPH from parental strain B. parabrevis SR2729 was 48 %, while the 
degradation by mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B 
99.86, and 99.84 %, respectively. OPH based degradation from both mutant derived strains B. 
parabrevis SR2729-A and B. parabrevis SR2729-B was 206 and 208 % higher as compared to 
parental strain, after 10 days incubation at 37 °C. Kumar (2011) reported the degradation of 
chlorpyrifos in soil, and found 38% degradation after treatment with mixed bacterial cultures of 
GCE345 and GCC134 for 10 days of treatment. The degradation of chlorpyrifos was 2.62 folds 
greater than his findings, where he used the bacterial culture instead of using OPH enzyme. 
While in present study, the enzyme OPH has been utilized for the degradation of chlolrpyrifos in 
soil. However, the results are in close agreement with Zheng et al. (2007) who reported 97 % 
degradation of chlorpyrifos by OPH.  Chen et al. (2012) detected that the fungal strain 
Cladosporium Hu-1 completely degraded 50 mg L-1, while in present research work, doubled 
concentration of chlorpyrifos (100 mg L-1) has been degraded by the mutant derived strains of B. 
parabrevis SR2729.  
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Fig.  4.85. GC-ECD chromatogram for the standard chlorpyrifos solution 100 mg L-1 
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Fig. 4.86. GC-ECD Chromatogram, showing the retention time of chlorpyrifos residues in 
the soil extract treated with crude suspension of OPH from parental strain B. 
parabrevis SR2729 
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Fig. 4.87. GC-ECD Chromatogram, showing the retention time of chlorpyrifos residues in 
the soil extract treated with crude suspension of OPH from mutant derived 
strain B. parabrevis SR2729-A obtained after UV irradiation 
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Figure 4.88. GC-ECD Chromatogram, showing the retention time of chlorpyrifos residues 
in the soil extract treated with crude suspension of OPH from mutant 
derived strain B. parabrevis SR2729-B obtained after ethidium bromide 
treatment 
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4.9.2. Degradation of chlorpyrifos in water 
 The water is the ultimate target of the insecticides pollution in the environment. The 
chlorpyrifos utilized for the pest control programs in fields and household areas ultimately cause 
the water pollution. The seepage of the insecticide into the ground water and then to the water 
tanks available for drinking and irrigation purposes leads to a wide range of effect of 
chlorpyrifos to the ecosystem. It is important to degrade the chlorpyrifos into the soil and water 
so that it may not affect the non-target ecosystem. In this regard the extracts of OPH were 
utilized for the degradation of chlorpyrifos in water samples. 
 It was reported that the solubility of chlorpyrifos affects the extraction and detection of 
residues in the samples from water, soil and plants (Islam et al., 2010). So, the water samples 
were dissolved in methanol (HPLC grade), and the extraction solvent used for HPLC was also 
based on methanol (Methanol: H2O; 80:20 v/v). 
 
4.9.2.1. HPLC analysis of chlorpyrifos residues in water  
 The samples were subjected to HPLC for the analysis of residues of chlorpyrifos in 
water. The quantitiy of pesticide was determined through retention time and area of the peak on 
the chromatogram. The HPLC result for standard chlorpyrifos solution (100 mg L-1) is shown in 
Fig. 4.89. A sharp peak for the standard solution was observed at the retention time of 5.566 
minutes with the hight of 633.707. The area of the peak was 12653.7385, which was utilized to 
calculate the concentrations of chlorpyrifos residues in experimental samples. The peak for 
chlorpyrifos residues shown in Fig. 8.90 shows the presence of chlorpyrifos residues in water 
samples treated with OPH from parental strain (B. parabrevis SR2729). The peak showed the 
retentaion time of 5.566 minutes for the area and hight of 1897.4025 and 107.188, respectively. 
The peak of chlorpyrifos residues by treatment with OPH from mutant derived strain B. 
parabrevis SR2729-A is shown In Fig. 4.91. A very small peak was observed with 
comparatively reduced area and hight of 607.6845, and 25.155, respectively. The HPLC analysis 
of residual chlorpyrifos after treatment with OPH from B. parabrevis SR2729-B is shown in Fig. 
4.92. At the retention time of 5.6 minutes the small peak with area and hight of 293.1265 and 
16.381 was observed.  
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 The degradation of chlorpyrifos residues was calculated by the HPLC analyzed data. The 
residual chlorpyrifos by the treatment of OPH from parental strain B.parabrevis SR2729, were 
15 mg L-1, while 85 mg L-1 of chlorpyriofos contents has been degraded by the enzyme. The 
detailed results of chlorpyrifos degradation and analysis of residues for OPH from parental and 
mutant derived strains is presented in Table 4.31. The HPLC after treatment with the enzyme 
from B. parabrevis SR2729-A showed 4.8 mg L-1 of residual chlorpyrifos, while 95.2 mg L-1 was 
degraded. Similarly the enzyme from B. parabrevis SR2729-B degraded 97.68 mg L-1 
chlorpyrifos. It was observed that the enzyme from mutant derived strains B. parabrevis 
SR2729-A and B. parabrevis SR2729-B showed 28 and 65.26% greater degradation of 
chlorpyrifos in water as compared to enzyme from parental strain.  Islam et al. (2010) reported 
the detection of chlorpyrifos residues by HPLC in plant samples. They detected 0.02-0.7 mg kg-1 
chlorpyrifos residues by using methanol, dichloromethane, acetonitrile and ethyacetate as mobile 
phase. Alberti et al. (2012) also used HPLC and detected 70% degradation of chlorpyrifos after 
15 days of incubation period.  
 The detection of chlorpyrifos residues after the degradation experiments on soil and water 
showed that the mutant derived strains B. parabrevis SR2729-A and B. parabrevis SR2729-B 
were capable of degrading chlorpyrifos in both smaples with ample potential in comparison to 
parental strain B. parabrevis SR2729. Additionally, the results of degradation were comparable 
to those present in recent literature. In conclusion, the results highly support the mutant derived 
strains as suitable candidates for the degradation studies on chlorpyrifos in both soil and water. 
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Fig. 4.89. HPLC analysis of chlorpyrifos standard solution (100 mg L-1) 
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Fig. 4.90. HPLC analysis of chlorpyrifos residues in water after treatment with OPH from 
parental strain B. parabrevis SR2729 
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Fig. 4.91 HPLC analysis of chlorpyrifos residues in water sample after treatment with OPH 
from mutant derived strain B. parabrevis SR2729-A 
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Fig. 4.92. HPLC analysis of chlorpyrifos residues after treatment with OPH from mutant 
derived strain B. parabrevis SR2729-B 
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Table 4.31. Summary of degradation of chlorpyrifos in soil and water by OPH from 
parental amd mutant derived strains 
Chlorpyrifos degradation OPH by  
B. parabrevis 
SR2729 
OPH by  
B. parabrevis 
SR2729-A 
OPH by  
B. parabrevis   
SR2729-B 
 
S
o
il
 
Test concentration  100 mg kg-1 100 mg kg-1 100 mg kg-1 
Test mode  GC-ECD GC-ECD GC-ECD 
Residues detected  
(mg kg-1) 
52 0.14 0.16 
Percent degradation (%) 48 99.86 99.84 
Comparison with 
degradation by OPH 
from parental strain 
Considered 48 as 
100 % 
Degradation 
206 % greater 
 degradation 
208 % greater 
 Degradation 
 
W
a
te
r
 
Test concentration 100 mg L-1 100 mg L-1 100 mg L-1 
Test mode HPLC HPLC HPLC 
Residues detected  
(mg L-1) 
15 4.8 2.32 
Percent degradation (%) 85 95.2 97.68 
Comparison with 
degradation by OPH 
from parental strain 
Considered 85 as 
100 % 
Degradation 
28 % greater 
degradation 
 
65.26 % greater 
degradation 
 
 The mutant derived strains obtained after physical and chemical mutagenesis of B. 
parabrevis SR2729 were capable of producing OPH enzyme for chlorpyrifos degradation at 
significantly higher rate. The optimization of parameters showed that the mutant derived strains 
hyperproduced OPH enzyme by using greater levels of chlorpyrifos, thus utilizing more 
chlorpyrifos as compared to that from parental strain. The purified enzyme from mutant derived 
strains showed higher Vmax levels in comparison to that parental strain. Similarly, the Kcat and 
Ks values were significant as compared to the enzyme from parental strain. Additionally the 
enzymes from mutant derived strains showed resistance against thermal denaturation as 
compared to parental strain. The higher degradation of chlorpyrifos in soil and water samples by 
OPH from mutant derived strains showed that the enzyme was more suitable for bioremediation 
of the insecticide from environmental samples. The results suggest that the mutant derived 
strains can be utilized for the enhanced production of OPH, with potential degeradation ability 
against chlorpyrifos. 
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Chapter # 5 
SUMMARY 
 
Organophosphate degrading strain was isolated from local soils and tested for the 
degradation of chlorpyrifos. The degradation of chlorpyrifos was performed by enzyme OPH, 
which was tested by using chlorpyrifos as substrate. After biochemical identification through 
microscopic examination, oxidase, catalase and fermentation tests, and molecular 
characterization of bacterial strain it was found to be B. parabrevis. The strain identification was 
further confirmed by biochemical test of tyrosine metabolism. The strain was named B. 
parabrevis SR2729 and its sequence was submitted to NCBI. The bacterial strain showed a 
significant production of OPH enzyme which was comparable to standard strain A. radiobacter 
P230 from CSIRO, Australia. The agar plate test for the production of OPH and 
spectrophotometric test for the degradation of chlorpyrifos into TCP confirmed the strain as 
potent producer for the OPH enzyme.  
 The strain B. parabrevis SR2729 was subjected to physical and chemical mutagenesis by 
ultraviolet irradiation and ethidium bromide, respectively. The significant doses for the 
mutagenic agents were selected through formulation of kill curve. The mutagenesis by ultraviolet 
irradiation and ethidium bromide treatment resulted in 22.9% and 13% survival of B. parabrevis 
SR2729. The colonies on the plates selected as effective dose of mutagen were further subjected 
to classical screening method using colony restrictor and selective marker. Triton-x-100 and 
3,5,6-trichloro-2-pyridinol were used as colony restrictor and selective marker, respectively. The 
triton-x-100 and 3,5,6-trichloro-2-pyridinol caused significant colony restriction and growth 
inhibition to the untreated  B. parabrevis SR2729, while there was significant resistance by the 
colonies after mutagenesis. Final zone test for the enhanced production of OPH was performed 
by the selected bacterial strains B. parabrevis SR2729-A and B.  parabrevis SR2729-B from 
ultraviolet irradiation and ethidium bromide treatment, respectively. The zone sizes for parental 
strain B. parabrevis SR2729 and mutant derived strains B. parabrevis SR2729-A and B.  
parabrevis SR2729-B were 3, 10 and 8 mm respectively. The enhanced production was further 
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improved by process optimization through Response Surface Methodology (RSM). The design 
of 54 experiments resulted in the optimized production conditions for parental and mutant 
derived strains B. parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis SR2729-B, 
respectively. The statistical analysis by ANOVA showed the model fitted, where the single 
factors and most of two factors interactions and quadratic interactions were significant for B. 
parabrevis SR2729, B. parabrevis SR2729-A and B.  parabrevis SR2729-B. While cubic model 
for all strains were Aliased, thus suggested quadratic model. After optimization of conditions by 
RSM, its was concluded that the bacterial strains utilized very small amount of carbon and 
nitrogen sources, while a high concentration of chlorpyrifos (10 %) was proved to be significant 
for the enhanced production of OPH. Such a finalized medium for mutant derived strains 
indicate the capability of the strains to utilized the insecticide with more efficiency for in limited 
concentrations of carbon and nitrogen sources. Additionally, the strains showed optimized 
production of the enzyme at 52.5 °C which is known to degrade most of the enzymes. While it 
also signifies the quality of temperature resistance by the parental and mutant derived bacterial 
strains of B. parabrevis.  
 After purification of enzyme by ammonium sulfate precipitation, ion exchange and gel 
filtration chromatography, the bacterial strains showed 935, 1521 1911 U mg-1 of specific 
activity by B. parabrevis SR2729, B. parabrevis SR2729-A and B. parabrevis SR2729-B. SDS-
PAGE of OPH from parental strain B. parabrevis SR2729 and mutant derived strains B. 
parabrevis SR2729-A and B. parabrevis SR2729-B after purification showed the enzyme to 36 
kDa monimeric protein. The purified enzyme was characterized and optimization of pH, 
temperature and substrate concentration was performed. While, thermodynamic studies for the 
irreversible thermal denaturation were performed. The enzymes from mutant derived strains 
showed significant kinetic constants and thermodynamic parameters, in comparison to enzyme 
from parental strain B. parabrevis SR2729. The final degradation test for the chlorpyrifos in soil 
resulted in the enhanced degradation by OPH from mutant derived stains B. parabrevis SR2729-
A and B. parabrevis SR2729-B, which was significantly greater than the parental strain B.  
parabrevis SR2729. The bacterial enzyme isolate from mutant derived srain was found to be 
significant for the chlorpyrifos degradation studies. In future, the enzyme can be utilized for the 
decontamination of fruits and vegetables. Additionally, the property of degradation can be used 
for the detection of chlorpyrifos and other insecticides from different biological and non-
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biological samples. As environmental protection agent, the mutant derived strains can be utilized 
for biodecontamination of chlorpyrifos from highly contaminated areas. 
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APPENDICES 
 
Appendix 1 
 
A-1. Composition of LB agar medium 
Ingredients gL-1 
NaCl 10 
Yeast extract 5.0 
Tryptone 10 
pH  7.0 
Temperature 30-35 °C 
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Appendix 2 
 
A-2. Hugh and Leifson’s basal medium for oxidative fermentation test 
Component Concentration (gL-1) 
Pepton 2  
NaCl 5 
Glucose 10 
Agar  3 
Dipotassium phosphate 0.3 
Bromothymol blue 0.03 
 
The volume was adjusted upto 1L, with pH 7.1. The medium was transferred to test tubes 
and sterilized at 121 °C for 15 minutes and 15 lbs pressure. A loopful culture of the bacterium 
was introduced on the top of the medium in the test tube and incubated at 37 °C for 48 h. The 
formation of the color on the top was observed for the oxidative fermentation of the sugar. 
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Appendix 3 
 
A. 3.1. Preparation of 0.2 mM chlorpyrifos solution 
Pure chlorpyrifos solid was obtained from Sigma-Aldrich, with specific gravity of 1.398 g mL-1. 
An amount of    0.00350 mg was dissolved in methanol and made the volume to 10 mL by 
addition of Tris-HCL buffer pH 8.       
 
A.3.2. Preparation of Tris HCl 100 mM 
Tris base 1.211 g was dissolved in sterilized distilled water and pH was adjusted at 8.0 
using HCl solution. Final volume of the buffer was adjusted at 100 mL, by the addition of water. 
Buffer was stored in cold cabinet at 40ºC unless used. 
 
 
 
 
 
 
 
 
 
 
213 
 
 
 
 
 
 
 
 
 
Appendix 4 
 
Preparation of 0.75 mM chlorpyrifos solution 
Dissolved 0.0026 mg chlorpyrifos into 1 mL methanol and used for the agar plate well 
test for OPH production 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
214 
 
 
 
 
 
 
 
 
 
 
Appendix 5 
 
A.5.1 Preparation of CHES buffer (50 mM) 
An amount of 0.5g of CHES was mixed iin distilled water, while volume was not 
adjusted 
A.5.2. Preparation of 10 % methanol 
5 mL of methanol was added to the CHES buffer to make the final concentration of 10 % 
in 50 mL final buffer volume. 
A.5.3. Preparation of 0.2 mM chlorpyrifos 
An amount of 0.017 mg of chlorpyrifos was mixed in methanol (HPLC grade), according 
to 50 mL CHES buffer. 
A.5.4. Preparation of 2.5 % polyethylene glycol (PEG) 8000 
PEG 8000 (1.25 g) was dissolved in the CHES buffer to obtain 2.5 % concentration 
A.5.5. Preparation of 0.1% polyoxyethylene-10-laurylether 
An amount of 0.05 g of polyoxyethylene-10-laurylether was weighed and carefully 
dissolved in CHES buffer. The final volume of the buffer was adjusted at 50 mL and was for 
OPH analysis at 276 nm.  
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Appendix 6 
 
 Preparation of Bradford reagent 
Coomassie brilliant blue G-250 (100 mg) was added to 47 mL (100%) methanol mixed 
well and added with 100 mL of phosphoric acid (85%). The solution was mixed well on 
magnetic stirrer and water was added to make the volume upto 200 mL  
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Appendix 7 
 
The solutions prepared for the isolation of DNA were as follows 
A.7.1. Solutions preparation  
A.7.2. 1X SSC solution 
0.089 g NaCl, 0.12 g Sodium acetate, dissolved in distilled water and made the volume 
upto 100 mL (saved in closed bottle) 
A.7.3. Lysozyme-sucrose buffer 
Phosphate buffer was prepared by dissolving 0.095 g NaH2PO4 and 0.054 g of Na2HPO4 
in distilled water. Sucrose (20 g) was added to the buffer. After dissolving sucrose completely, 
lysozyme (0.25 g/100 mL) was added to the buffer, and volume was adjusted to 100 mL. 
A.7.4.. Lysis buffer 
10 mM Tris-HCl prepared by dissolving 0.121 g Trizma base in water and adjusted pH at 
8.0. Tris-HCl was added with 0.0272 g of EDTA (ethylene diamine tetraacetic acid) and 1g SDS 
(sosium dodecyl sulfate). An amount of 4.0 µL of Proteinase K enzyme (concentration = 20 
mg/mL) was added to 1 mL of lysis buffer.  
A.7.5. T.E. buffer 
Weighed and dissolved 0.121 g of Trizma base in 100 mL distilled water (solution x).  
217 
 
An amount of 0.0272 g of EDTA was mixed in distilled water and made the volume upto 
100 mL (solution y)  
Working solution of the T.E. buffer was achieved by mixing 500 µL of solution “x” and 
500 µL of solution “y”. The final solution of 1000 µL was added with water to make the final 
volume of 5 mL. 
A.7.6. 3 M sodium acetate solution 
Dissolved 2.46 g of sodium acetate in distilled water and volume was adjusted 10 mL. 
 
 
 
 
 
Appendix 8 
 
A.8.1. Tris-acetate-EDTA (TAE) buffer preparation 
A.8.2. 0.5 M EDTA  
Added 93 g of EDTA in 400 mL distilled water and stirred continuously for 1 h at room 
temperature. pH of EDTA was adjusted to 8.0 and volume was made to 500 mL. The solution 
was stirred for an hour and stored at 4 °C (Stirred well before use).  
A.8.3. Recipe for TAE buffer preparation 
To distilled water, added 242 g Tris base, 57.1 g acetic acid and 100 mL of 0.5 M EDTA. 
The contents were dissolved by stirring and volume was adjusted at 1 L. The buffer was stored at 
4 °C and stirred well before use.  
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Appendix 9 
 
A-3. Ingredients for the PCR reaction 
Ingredients Volume (µL) 
DNA template  3 
DNTPs 1 
Buffer (10X) 5 
MgCl2 4 
PF (14 ng /µL) 1 
PR (14ng/ µL) 1 
Taq polymerase  0.12 
Bovine serum albumin (BSA) (20 mg/mL) 0.2 
Deionized d.d. H2O 9.88 
Total  25 
 
A-4. Conditions for the PCR reaction to amplify 16S rRNA gene 
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Thermocycler conditions Temperature (°C) Time (minutes) 
Initial denaturation  94 5 
Denaturation  94 1 
Annealing 54 1 
Elongation 72 3 
Final elongation 72 10 
35 Cycles 
 
 
 
 
 
 
 
Appendix 10 
 
A.10.1. Preparation of 0.5M HCl 
 A volume of 4.17 mL of HCl (37 % pure) was added to distilled water and the volume 
was adjusted at100 mL. 
A.10.2. Preparation of 0.5M NaOH 
 To make 0.5M NaOH solution, 2g of NaOH was dissolved in distilled water and the 
volume was adjusted at 100 mL. The solutions were saved in air tight bottles at room 
temperature unless used. 
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Appendix 11 
 
A.11.1. Buffer I (1.5 Tris-HCl; pH 8.8) 
 Tris base 9.05 g was dissolved in distilled water and pH was adjusted at 8.8. The volume 
was adjusted at 50 mL and saved in sterilized bottle.  
A.11.2. Buffer II (0.5 M; pH 6.8) 
 3.02 g of Tris base was dissolved in distilled water, pH was adjusted at 6.8 and volume 
was adjusted at 50 mL. 
A.11.3. 30% acryamide solution 
 29.2 g Acrylamide and 0.8 g of bisacrylamide was dissolved in distilled water and 
volume was made upto 100 mL.  
A.11.4. Running buffer 
 25 mM Tris-HCl buffer was prepared by dissolving 3.05g tris-base in distilled water. 14.4 
g glycine (192 mM) and 1 g SDS (0.1%) were added to final volume of 1L of running buffer. 
A.11.5. Sample buffer 
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 An amount of 0.75 g of Tris base was dissolved in distilled water to get 0.125 M 
concentration. The pH was adjusted at 6.8. 10 g glycerol, 2 g SDS, 1 mL β-mercaptoethanol and 
0.02% bromophenol blue were added to the tris buffer (0.125 M). The contents were mixed using 
magnetic stirrer, and final volume was made up to 50 mL using distilled water (stored at 4 °C).  
A.11.6. APS 10% 
 Ammonium persulfate (0.1 g) was dissolved in distilled water. The solution was prepared 
freshly prior to use. 
A.11.7. 10% SDS 
 SDS solution was prepared by dissolving 10 g SDS in distilled water. 
A.11.8. Separating Gel 
 For the separation of protein bands, 12% separating gel was prepared by following the 
recipe mentioned in table 3.7. 
 
 
Appendix 12 
 
A-5. Composition of separating gel 
Ingredients  Quantity  
30% acrylamide 4 mL 
Buffer I (pH 8.8) 2.5 mL 
Double distilled water 3.3 Ml 
SDS (10 %) 100 µL 
TEMED 10 µL 
APS (10%) 80 L 
 
A-6. Composition of staking gel 
Ingredients  Quantity  
D. distilled water 2.4 mL 
Buffer II (pH 6.8) 1.0 mL 
Acrylamide (30%) 0.5 mL 
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SDS (10%) 40 µL 
APS (10%) 80 µL 
TEMED 10 μL 
 
 
 
 
